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It is shown that the change in size and vibration frequency of a polyatomic molecule upon 
electronic excitation can be calculated if the excitation energy is known as function of the 
distance. This is applied to benzene, for which this function is calculated both with the Heitler- . 
London-Slater-Pauling method and the molecular orbital method. Upon comparison with ex- 
periment, it is found that both methods give the right sign and order of magnitude for the 
change in size, but the wrong sign for the change in frequency. 





I. INTRODUCTION 


HIS paper is an attempt to connect the 

resonance energy—considered as a function 

of the distance between atoms—in a polyatomic 

molecule with the change of its size and vibration 
frequency caused by electronic excitation. 

Consider first a diatomic molecule. If one 
plots the binding energy as function of the 
distance, the minimum of the curve gives the size 
of the molecule, the curvature gives the restoring 
force, and, therefore, the frequency of the vi- 
bration. 

If one can calculate the electronic excitation 
energy as a function of the nuclear distance, and 
can add this to the energy of the ground state 
taken from experiment, one gets, as a function 
of the distance, the energy of the excited state, 
and from it the size of the excited molecule and 
its vibrational frequency. 

The same argument can be applied to a 


* A dissertation submitted to the Faculty of the Gradu- 
ate School of Arts and Sciences of the Catholic University 
of America in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy. 


polyatomic molecule of sufficient symmetry that 
it has a ‘‘breathing” vibration, in which it can 
be characterized by a single distance. 

This idea will be applied here to molecules 
having resonance, in particular to benzene—in 
which excitation consists in a transition to a 
state differing from the ground state only by 
resonance splitting. 

It is then generally assumed that the in-plane 
bonds are not affected by excitation, i.e., the 
energy curve of the ground state is the sum of 
two energy curves, that of the in-plane bonds 
and that of the ground state of the 2-bonds. 
Similarly, the energy curve of the excited state 
is given by the sum of the energy curves of the 
unmodified in-plane bonds and of the excited 
m-bonds. 

The difference between the energy curves of 
the excited state and of the ground state as 
function of the distance—from which the change 
in the size of the molecule and the change in 
frequency of the breathing vibration can be 
calculated—is therefore equal to the excitation 
energy of the resonance z-bonds as function of 
the distance. 
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DISPLACEMENT 


Fic. 1. The four possible excitation energy curves (C) as 
function of the distance; the energy of the ground state, 
(B) ; the energy of the excited state (C). Case I, the excited 
molecule is smaller and has lower frequency. Case II, the 
excited molecule is larger and has lower frequency (e.g., 
benzene). Case III, the excited molecule is sma!ler and has 
higher frequency. Case IV, the excited molecule is larger 
and has higher frequency. 


II. DISCUSSION OF THE FORM OF 
POSSIBLE FUNCTIONS 


Consider a polyatomic malecule in its vibra- 
tionless ground state. Assume that this state is 
perturbed by a symmetrical breathing vibration 
that is characterized by a displacement (R—Ro), 
of the atoms from an equilibrium position Ro. 
Call » the number of significant bonds which 
partake in resonance excitation and are stretched 
in the breathing vibration (n=6 for benzene, 
n= N—1 for a polyene with N carbon atoms). 
If the breathing vibration is of small amplitude 
then the energy of this state can be written 


E(R) = Eo( Ro) +2nK(R— Ro)’, (1) 


where £5 is the energy of the vibrationless ground 
state, and K is the force constant whose magni- 
tude is determined from the frequency of vibra- 
tion. The validity of this approximation can be 
checked experimentally by the constancy of the 
frequency differences between the members of a 
sequence of vibration bands. In the excited state 
both the size of the molecule and the force con- 
stant may have changed so that the energy is 
written 


E'(R) = Ex(Ri) + 3K" (R— Ri)’. (2) 


R; is the equilibrium position and K’ the force 
constant in the excited state. 

In polyatomic molecules it is often impossible 
to calculate Eo(Ro) and E,(R,) separately, but if 


one calls £,(Ri) — Eo(Ro) = Uo, Uo is independent 
of R and is the energy of an electronic transition 
from the vibrationless ground to the vibration- 
less excited state. Then the excitation energy 
AE(R) as function of R can be written 


AE(R) = E’(R) —E(R) 
= Upt+4nK’(R—R,)?—3nK(R—R,)?. 
Now if Ro=Ri—6 then 
+3n(K’—K)(R—Rp)*. (3) 
Furthermore, 


(dA E(R)/dR) =n(K' —K)(R—Ro) —nK'5, 


that is, in the region of vibration of very small 
amplitude when (R—Rpo) is small, the slope of 
the curve representing the excitation energy is 
determined by the change in the equilibrium 
distance. Therefore, the change in the size of the 
molecule upon excitation is given by 


) —] 
ga —-—j——| =-—j— | . 
K’'t dR Iro Kt dR Jr, 


According to the definition of curvature 
d*AE/dR? 


~ Ft-+(daE/dR)? - 





Since the denominator is always positive, the 
sign of the curvature is the same as the sign of 
@AE/dR?. Specifically, the curvature is positive 
(concave upward) if (K’—K) is positive as is 
the case when the force constant is larger in 
the excited than in the ground state. The curva- 
ture is negative (concave downward) if (K’—K) 
is negative, i.e., the frequency of the vibration 
is smaller in the excited than in the ground state. 

The four possible cases are shown in Fig. 1. 
Curves A,, (Eq. 2) are the potential energy curves 
for the excited state. Assume the same curve B 
(Eq. 1) in the four cases for the ground state. 
C, (Eq. 3) shows the difference (B—A), namely, 
the excitation energy. 

Case I—K>K’, Ro>R. This is the case of a 
molecule that is smaller in the excited than in 
the ground state and the restoring force, thus the 
frequency of vibration is smaller in the excited 
state. Therefore, for vibrations of small ampli- 
tude the excitation energy can be represented by 
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a quadratic curve with a positive slope and 
negative curvature as shown in C,, Fig. 1. 

Case I—K>K’, Ro<R,. This represents a 
molecule that is larger in the excited state while 
the force constant is smaller in the excited state. 
For this case the excitation energy gives a 
quadratic curve with negative slope and nega- 
tive curvature (Co, Fig. 1). 

Case III—K<K’, Ro>R:. In this case the 
molecule is smaller and the frequency of vibra- 
tion larger in the excited state. The excitation 
energy is represented by a quadratic curve with 
positive curvature and positive slope (C3, Fig. 1). 

Case IV—K <K’, Ro<R,. This is a molecule 
that is larger and has a larger frequency of vibra- 
tion in the excited than in the ground state. The 
excitation energy (C,, Fig. 1) is represented by 
a quadratic curve with negative slope and posi- 
tive curvature. 

For cases where K = K’, the excitation energy 
is represented by a straight line; if R= Ro it is 
horizontal. Therefore, given a method of accu- 
rately determining the excitation energy of sym- 
metrical polyatomic molecules as a function of 
a characteristic coordinate, it is possible to 
determine the change in size of the molecule from 
the slope of the curve and the change in the 
frequency of the symmetrical vibration from 
the curvature. 

In general the excitation energy of a poly- 
atomic molecule might be represented by a 
curve such as shown in Fig. 2. This curve 
approaches a constant value as the distance be- 
tween the atoms becomes very large. The num- 
bers in Fig. 2 show in what part of the general 
excitation energy curve one finds sections having 
one of the four different shapes just discussed. 
In what part of the excitation energy curve the 
ground state equilibrium dimension Roy will fall 
is, of course, determined by the energy curve of 
the ground state as function of the distance and 
therefore strongly influenced by the in-plane 


bonds. 
Ill. EXPERIMENTAL DATA FOR BENZENE 


Benzene is a polyatomic molecule with a high 
degree of symmetry in both the ground (Eo) and 
the first excited (E2,) state. A detailed analysis 
of the absorption spectra of benzene in the 
region of 2600A has been made by Sponer, 
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Fic. 2. The general form of excitation energy as function of 
a characteristic distance. 


Nordheim, Sklar, and Teller.! In this analysis 
the totally symmetrical breathing vibrations of 
both the C—C and C—H bonds have been 
identified in both the ground and excited state, 
and the change in the size of the molecule is 
estimated. These quantities taken from refer- 
ence 1 are tabulated in Table I along.with the 
force constants that will be discussed below: 


TABLE I. 








C—C force 
constant oe 
ev C—C equilibrium 
distance 
R units 


C-C C-H dynes 
frequency frequency 105 
em (R units)? A 


em~! em~! 
Ground state 992 3062 7.603 1.3138 1.400 8.37 
Excited state 923 2565 6.602 1.1408 1.418 8.49 











Wilson? has discussed the possible vibrations of 
a mechanical system of mass points such as 
benzene and has calculated the frequencies of 
the totally symmetrical breathing vibration in 
terms of simple potential functions involving 
only the force constants of the C—C and C—H 
bonds. Following Wilson? and making use of the 
frequencies given in Table I, the C—C force 
constants as given in Table I were calculated. 
These force constants are for vibrations of small 
amplitude about the equilibrium positions. 

The values of the force constants and equi- 
librium positions from Table I are substituted 
in Eq. (3) and the value of Up=5 ev taken from 
Sklar,’ so that the excitation energy of the first 
electronic shift found by experiment can be 
written** 


'H. Sponer, G. Nordheim, A. L. Sklar, E. Teller, J. 
Chem. Phys. 7, 207 (1939). 

? E. B. Wilson, Jr., Phys. Rev. 45, 706 (1934). 

* A. L. Sklar, J. Chem. Phys. 5, 669 (1937). 

** 0.5190 =6 x $(1.3138— 1.1408), 
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Eo. — Eo= 5.000 — 0.8214(R— Ro) 
—0.5190(R—Rp)’, (6) 


where E.,— Eo is in electron volts and R/Z is 
the C—C distance in atomic units. Z=3.18 is 
the effective charge of a neutral carbon atom as 
determined by Zener. 

The experimental value of 38089 wave num- 
bers (or 4.71 electron volts) for the zero-zero 
band does not only contain the energy of the 
electronic jump, but also the differences of the 
zero-point energies of all vibrations in the ex- 
cited state and the ground state. However, this 
difference in zero-point energies will surely not 
exceed 10 percent of the corresponding electronic 
energies, and since in our comparison we are not 
concerned with a high accuracy, that will be 
neglected. The use of 5 ev in the place of 4.71 
enters the calculation of the dependence on R 
only in one place (Section IV c), where a factor 
0.4636 is used to fit the theoretical and experi- 
mental values together at the equilibrium 
position. 

Thus according to experiments as interpreted 
in reference 1, benzene is an example of Case II, 
Section II. In other words, the molecule is larger 
and the vibration frequency is lower in the excited 
than in the ground state; the C—C distance 
increases about 1.5 percent, and the vibration 
frequency decreases about 7 percent. 

According to Sklar’ the frequency of the 
breathing vibration in the F,, level (in the region 
of 2000A) is still about 920 cm~. The spectro- 
scopic data in this region have not been suffi- 
ciently analyzed to estimate the shift in the C—C 
distance. 


IV. THEORETICAL TREATMENT OF BENZENE 
(a) General Considerations 


Sklar* has calculated the electronic states of 
benzene according to the Heitler-London-Slater- 
Pauling (HLSP) method. The same problem has 
been considered according to the method of 
antisymmetrized molecular orbitals by Goeppert- 
Mayer and Sklar® (hereafter referred to as GMS 
paper). There is good agreement between the two 


*C. Zener, Phys. Rev. 36, 51 (1930). 

5 A. L. Sklar, Rev. Mod. Phys. 14, 232 (1942). 

6 M. Goeppert-Mayer and A, L, Sklar, J. Chem. Phys. 6, 
645 (1938). 
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methods in predicting the experimentally ob- 
served electronic absorption spectra of benzene in 
the region of 2600A. The excitation energy used 
in these discussions is a function of the C—C 
distance. The numerical evaluations were made 
only for the experimentally determined C—C 
equilibrium distance. However, this assumption 
does not enter in principle into the calculations. 
Therefore, it is the purpose of this section to 
extend both of these theoretical treatments to the 
calculation of the excitation energy for a small 
range of R in the region of the equilibrium posi- 
tion. This corresponds to two independent theo- 
retical determinations of the excitation energy as 
a function of R. From these it should be possible 
to predict the change in frequency of the totally 
symmetric C—C vibration and the change in the 
size of the benzene molecule in the excited state. 

Both methods have the following assumptions 
in common. According to Hiickel’ the charge 
distribution associated with each carbon atom in 
the benzene ring can be considered thus: Two 
inner electrons are considered to be on the nucleus 
and the remaining four electrons are valence 
electrons; three of the valence electrons are 
represented by sp* hybridized wave functions in 
the plane of the ring; the fourth, a 22 electron, is 
described by a 2pm wave function with its node in 
the plane of the ring and the charge distribution 
perpendicular to the ring so that there is little 
overlap with the electrons forming the in-plane 
bonds. Thus the two sets of electrons can be con- 
sidered independently, and only the six 2pr 
electrons concern us. It is assumed that excitation 
to the excited states considered here does not 
affect the in-plane bonds at all, except insofar as 
the distance between atoms is changed. Conse- 
quently this is a six electron problem with the 
hexagonal symmetry of the benzene ring. All 
interactions, except coulomb, of electrons be- 
tween particles farther apart than neighbors are 
neglected. 


(b) Notations 


The following notations used in this paper are 
slightly different from those of the GMS paper. 


H the Hamiltonian operator of the benzene mole- 
cule, including the repulsion between electrons. 


7E. Hiickel, Zeits. f. Physik 70, 204 (1931). 





nption 
itions. 
ion to 
to the 
small 
1 posi- 
> theo- 
Ty as 
ossible 
totally 
in the 
state. 
ptions 
charge 
tom in 
: Two 
jucleus 
ralence 
ns are 
ions in 
tron, is 
10de in 
bution 
s little 
1-plane 
e Con- 
ix 2pr 
itation 
es not 
ofar as 
Conse- 
ith the 
ig. All 
ns be- 


ors are 


FREQUENCY OF EXCITED BENZENE 425 


K(v) the 2pm wave function of the Kth carbon 


atom. 
ie., I(v), II (v), --- VI(v). 
v, #=1---6 denote the six 27 electrons. 
Sy,, the overlap integrals 


f K(») [K+V dr. 


a single exchange integral between neighbors for 


the benzene molecule. 
Ey energy of the ground state. 
E,s energy of the nth singlet electronic state. 
R/Z the C—C distance in atomic units.*** 
Z =the effective nuclear charge for a neutral 
carbon atom. 


Ro=8.37, i.e., the equilibrium distance of t 
C—C nuclei in benzene in the ground state.he 

I ionization energy of a carbon atom in the 
valence state (taken as negative). 

7, volume of space in terms of the coordinates of 
electron pv. 

The atomic coulomb integrals 


Av=f f “K)LK+N Hider 


The atomic mixed exchange and coulomb integral 
Bi -[f- © PUA) I(2)11(2)drvdr. 
Y12 
The atomic exchange integral 
Cu= f f - © WAI(A)I(2)112)drudre 
ri2 


The atomic penetration integrals 


Q= = f Kode, 


—_ f Hy(v)K(v)[K+1](v)dr,(R in GMS), 


where Hy; is the attraction of a neutral carbon 
atom in the valence state for the electron vp. 

: energy of the /th molecular orbital caused by 
the potential of the benzene ring. 


Sk eg 


*** R is called p by Sklar and Lyddane in reference 8. 


The coulomb integrals between molecular orbitals 


w= ff Ei. (v) |*| bv(u) | *drdr,. 


The exchange integrals between molecular orbitals 


bun -f{ f- * Tont vor (u) |Lbi(u)dv(v) }*dr,d7,, 


lvp 


where 
6 2rilk 
$i(v) =(60,) D exp er 
k—1 


the /th molecular orbital and ¢;=normalization 
coefficients. 


(c) The Heitler-London-Slater-Pauling Method 


Using the simplified HLSP method Sklar* 
showed that the energies of the five. different 
electronic states were due to resonance splitting 
of the five homopolar structures without in- 
cluding any polar structures. Thus he was able to 
express the energy difference between the ground 
and the excited states in terms of the single ex- 
change integral, a, which is defined by the follow- 
ing equation 


. f f f f f f 1(1) (2) 1I1(3)1V(4) 


X V(5) VI(6)AT(2)I7 (1) IIT (3) 
X IV(4) V(5) VI(6)dridradr3drydrgdr5. (7) 


For the energy difference between the ground and 
the lowest electronic state Sklar obtained the 
following: 

E.,— Eo= —2.6a. (8a) 


Sklar did not calculate the value of a but used 
an experimental thermochemical value of the 
resonance energy (1.11a) to obtain the energy 
difference given in his paper. Since H is a function 
of R, a was calculated as a function of R from (7) 


a= Cu~Si{4T+2B +5} 60+64 1+5Ae 


6Z 
+34,-61-—143+1) |}. (9a) 


The numerical values of the integrals occurring in 
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TABLE II. The HLSP method. 
Cc-C a b c d 
distance a—6Sr1 a (Eq. 9a) Eu—Eo E2—Eo 
A Runits (Eq. 8c) 
1.484 8.87 —1.7599 ev —2.9916 ev 3.6061 ev 3.7150 ev 
1.450 8.67 —2.0448 —3.4219 4.1248 4.1294 
1.433 8.57 —2.2033 —3.6579 4.4092 4.3868 
1.417 8.47 —2.3748 —3.9110 4.7143 4.6765 
1.400 8.37 —2.5571 —4.1788 5.0371 5.0001 
1.383 8.27 —2.7589 —4.4706 5.3889 5.3667 
1.367 8.17 —2.9624 —4.7677 5.7470 5.7471 
1.333 7.97 —3.4938 —5.5014 6.6314 6.6275 
1.300 A | —4.1057 —6.3343 7.6354 7.6413 








a 


Eq. (9) as a function of R are given in the 
appendix of this paper. Although it was known 
that this approximate calculation would not give 
the correct absolute value of E2,— Ey it was hoped 
that the relative variation with R would be 
reliable. (a—65S,°J) was first calculated because 
the estimated value of J was not very reliable. 
These values are listed in Table Ila. a as a 
function of R calculated by this equation for an 
estimated value of J is given in Table IIb. 

In order to discuss the results conveniently the 
best quadratic equation to fit the numbers in 
Tables Ila and IIb was obtained by the method 
of least squares 


(a—6S21) = —2.5218+1.941(R— Ro) 
—1.162(R—R,)®, 

—2.6(a—6512) = 6.5567 —5.046(R— Ro) 
+3.021(R—R,)®, 


S7=0.06754 —0.03678(R — Ro) +0.0089(R— Ro)’. 


We set J 4 ev as the ionization energy® for the 
carbon atom in the valence state, then 


a= —4.1491+2.823(R—Ro) 


—1.383(R—Ro)? (9b) 
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Fic. 3. The excitation energy of benzene (E2,—Eo) as a 
function of the C—C distance. 


8 J. Duschesne, P. Goldfinger, B. Rosen, Nature 159, 131 
(1947). 


GRIFFING 


or 


E2,—E = —2.6a=10.7877 
—7.340(R—Ro)+3.596(R—Ro)?. (9c) 


Adjusting Eq. (9c) to give the correct value for 
a at R= R, by multiplying the entire equation by 
the proper numerical constant, 0.4636, we get 


Eos —_ Eo= 5.000 — 3.402(R— Ro) 


+1.667(R—R»)?. (8b) 


In Fig. 3, the curve A was obtained from the 
quadratic form 8b (see Table IIc). The points are 
the values obtained by calculation according to 
Eq. (9a) and multiplication of all values by 0.4636 
for the purpose of adjusting these values to fit at 
R=R, (Table IIc). 

According to Eq. (4) it is possible to calculate 
the change in the size of the molecule if one 
knows the experimental value for the force con- 
stant in the ground state. A better comparison is 
with the experimental Eq. (6) which is of the 
same form as Eq. (8b). From this comparison it 
can be seen that the calculated change in size has 
the right sign and is of the right order of magni- 
tude, especially since the experimental value is a 
rough approximation. However, the frequency 
shift predicted by this calculation has the wrong 
sign; i.e., this calculation gives an increase in the 
force constant and consequently a higher fre- 
quency for the totally symmetrical breathing 
vibration in the excited state. Experiment gives a 
decrease in frequency of this vibration in the 
excited state. 


(d) Antisymmetrized molecular orbitals 


The second method used is an extension to 
different values of R of the GMS paper, which 
applies the method of antisymmetrized products 
of molecular orbitals. The GMS paper expresses 
the energy as the sum of certain integrals but 
gives the values of these integrals and of their 
coefficients only for Ro. The values of these 
quantities for a range of R are given in the ap- 
pendix of this paper. Detailed discussion is 
confined to the first excited level (E2,), which is 
interpreted as the upper state of the observed 
band at 2600A. This is the only electronic level 
for which there is detailed experimental analysis 
of the structure caused by vibrations. The 
excitation energy is made up of three parts. 
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The first part, (€2—€:), is that part of the 
energy difference common to all excited states 
due to the interaction of the electrons with the 
2pm-less carbon skeleton and is given by Eq. (31) 
of the GMS paper 


01—d2 
é—€: =——— | —2Q—2A—2A2—A;3} 


7102 


gi +o ‘ 
+——{T 4B}. 


0102 


(10) 


The second, E!'—E,y—(e2—€;) is the interaction 
caused by the mutual repulsion of the six 2px 
electrons common to all excited states; it is given 
by Eq. (25) of the GMS paper. 


E!— Eo— (€2—€1) = —2ya +2702 


— 3yut3yietb01— 5024611. (11) 


Now expressing the molecular integrals in terms 
of atomic integrals according to Eq. (19) of the 
appendix, Eq. (11) becomes 


E'— Eo— (€2—€1) 
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The third part is that part of the interaction 
caused by electron repulsion responsible for the 
splitting between the various excited states so 
that the excitation energies are given by Eq. (23) 
of the GMS paper. Below are given the equations 
only for the first and second singlet states which 
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TABLE III. The molecular orbital method. 








CcC-C 
distance 
A R units 


1.484 
1.450 


d 
22-21 
(Eq. 10) 


—4.9302 ev 
—5.3420 
—5.5420 
—5.7347 
—5,.9248 
—6.1145 
—6.2791 
—6.5883 
—6.8502 


b 
Exu—Eo 
(Eq. 14) 


4.3001 ev 
4.5439 
4.6904 
4.8533 
5.0326 
5.2283 
5.4404 


a 
Ex —Eo 
(Eq. 12) 


4.3014 ev 
4.5556 
4.6898 
4.8520 
5.0215 
5.2073 
5.4299 
5.9430 


c 
Eis —Eo 
(Eq. 13) 


5.1220 ev 
5.2450 
5.3100 
5.3940 
5.4810 
5.5810 
5.7130 
6.0234 
6.3950 





5.9138 
6.4528 








are of primary interest in this paper 


1 
E>», — Ey = (E! — Eo) +—— 


60102 
X | —Ao—2A24+3A3t+5Ci2} 


1 
F,,—Eo= (F} — Eo) +- 


60102 


x 'Ay—6A,+8A2—3A34+Cyo!} 


1T 1 0(Bau), (12) 


'Ty(By,). (13) 


Equations (12) and (13) are evaluated for a 
range of R, and the numerical values for these 
energy differences are given in electron volts in 
Table Illa and c. The best quadratic equation 
(Eq. 14) to represent the numbers in I Ila (Eq. 12) 
was obtained 


Fe, — Eo= 5.0326 — 1.875(R— Ro) 


+0.8174(R—R»)?. (14) 


The values calculated according to Eq. (14) are 
given in Table IIIb and are shown in the smooth 
curve B, Fig. 3, while the points are the calculated 
points according to Eq. (13), (Table IIIa). No 
correction factor was used in this case. 
Comparing the quadratic Eq. (14) with the 
experimental Eq. (6), one predicts a change in the 
size of the molecule that is about twice that 
estimated from experiment (Eqs. 4, 6, and 14— 
since the factor of R—R» is 1.875 against 
0.8214—). The change in frequency is of the 
right order of magnitude but has the wrong sign. 
In the following an attempt is made to trace 
the origin of the difficulty with the curvature. In 
Fig. 4, curve A is (€,—«) (Eq. 10), curve B is 
E'— Eo—(€2—€1) (Eq. 11), and curve C is 
E.,—E. The sum of these three curves is the 
excitation energy E.,—Eo, curve D, (Eq. 13) 
which has already been shown as curve B, Fig. 3. 
All of these curves are approximately straight 
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Fic. 4. Curves calculated according to the method of 
antisymmetrical molecular orbitals. 


Curve A: e2—e, (Eq. 10) 

Curve B: E'— Eo—(e2—€:) (Eq. 11) 
Curve C: E2.,—E! 

Curve D: E2,—E)(A+B+C) (Eq. 12) 
Curve F: E,,—E'. 


lines except curve A, (€2—«:): curve A, there- 
fore, has about the same curvature as the final 
excitation energy curve. Therefore, any difficulty 
with the curvature seems to lie with (¢—e;); 
if one inserts numerical values in Eq. (10) 
(Table IIId) it is found to be negative, although 
general arguments would point to a higher value 
of €. (energy of the excited orbital) than e« 
(energy of the ground orbital). (This difficulty 
was pointed out orally to us by A. London.) This 
makes it appear plausible that the present 
calculation of €2,—€, is not accurate enough, both 
as to absolute value and sign of curvature as 
function of R. 

Curve F shows E£;,—£' and is a straight line 
just as E,,—E' (curve C), indicating that the 
change in frequency of the totally symmetrical 
vibration in the 2000A band is about the same as 
in the 2600A band (since E2,—;, is a straight 
line). This seems in agreement with the statement 
(see Section III) that a sequence with wave 
number difference 920 appears in the 2000A 
band; this shows that the frequency of the 
breathing vibration is the same in the E2, and EF, 
levels. No analysis giving the experimental ap- 
proximation of the size of the molecule in the Fi, 
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level has been made. The theory (slope of 
Ex,—E\,) predicts a change in size of 0.017A in 
the E;, excited state, if one assumes the experi- 
mental value of the force constant K’=6.602 
X105 dynes/cm. Therefore, the molecule is 
smaller in the -;, than in the Ee, level. The 
theory predicts a change in the C—C distance 53 
percent as great as it predicts in the Eo, level. 


V. DISCUSSION 


Experimental data show that the benzene 
molecule increases in size while the frequency of 
the breathing vibration decreases by excitation 
to the lowest electronic excited state. According 
to the arguments of Section II, the excitation 
energy as a function of R must have a negative 
slope and a negative curvature corresponding to 
Fig. 1c. The calculated curves for the excitation 
energy both have a negative slope of the right 
order of magnitude, possibly slightly too large; 
hewever, both the HLSP and the MO method 
give positive curvature (which would mean an 
increase in the frequency of the breathing vibra- 
tion in the excited state). 

To explain the experimental facts one needs an 
excitation energy curve of the somewhat peculiar 
shape shown in Fig. 2. 

There are two assumptions which might ex- 
plain the wrong curvature given by the two 
theoretical methods. It could be that the force 
constant of the in-plane bonds is changed in going 
from the ground to the excited state contrary to 
the assumption made in both the HLSP and the 
antisymmetrized molecular orbital methods. Or 
the assumption that the wave function associated 
with the 2 electrons can be represented by a 
simple 2p wave function with the nuclear charge 
chosen to give minimum energy for the free 
carbon atom may be too simple. This assumption 
is probably sufficiently good in evaluating the 
coulomb integrals but the overlaps, and conse- 
quently the normalization factors and the ex- 
change integrals, are particularly sensitive to the 
wave function used. A smaller value of the 
overlap might change the curvature predicted by 
both methods. A smaller value of the overlap 
would also give better agreement for the absolute 
value of the energy difference between theory and 
experiment in the HLSP method. 

It seems worth while to rewrite the calculated 
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expressions for the excitation energy of the Eo, 
level according to the two methods here for a 
comparison. The first is according to the HLSP 
method (Eq. 9 multiplied by — 2.6) 


Eo, — Eo =2.6C12—2.6S1(4T +2Bys) 


~2.65;'( 60+64:+541+34,—61 


6Z i 
-—(1+—+-)) as) 
R v3 4 


and the second by the antisymmetrized molecular 
orbitals (Eq. 12). 
01~—d2 
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If one neglects S: and S; which is consistently 


assumed in the HLSP method 
0901 >= 1+35,+2S,?, 0o2> 1+S; —2S;?, 


o102=1—S/, o1—o2=2S;, oi1to2= 


Both of these equations are sums of the same 
atomic integrals multiplied by functions of the 
overlap integral. In Eq. (15) (HLSP) the ioniza- 
tion energy I of the carbon atom occurs which 
includes the contribution of the Ao integral which 
occurs in Eq. (16) (MO). The kinetic energy 
included in J and the term 
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(16) 
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TABLE IV. 








Atomic 
integral 


Coefficients 
HLSP 





1.05408 
0.8784 
0.52704 
—2.6 
1.35174 
2.70348 
1.05408 
— 1.05408 








the contribution of the coulomb interaction be- 
tween the nuclei does not occur in (16). All of the 
atomic integrals except Ao occur explicitly in 
both Eqs. (15) and (16) ; however, the coefficients 
are very different. In Eq. (15) the overlap 5S; 
occurs as a linear and quadratic coefficient while 
in Eq. (16) the coefficients are of the form 


a+bSi+cS;’ 
a’ +b’Sitc’S;2+d’Si+e’Si 
The following Table IV shows the numerical 
value of the coefficients of the atomic integrals in 
the two expressions for the excitation energy for 


R equal to Ro, the equilibrium position in the 
ground state. 
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TABLE VI. 








C —C distance 
A R units 


1.484 
1.450 
1.433 
1.417 
1.400 
1.383 
1.367 
1.333 
1.300 











APPENDIX 


The evaluation of the integrals that occur in 
this paper have been made by Sklar and Lyddane® 
for several values of R. The notation of Sklar and 
Lyddane is given in parenthesis following the 
notation used in this paper as defined in Section 
III(b). It was possible to obtain an interpolation 
for the atomic coulomb integrals which was good 
to four significant figures over the range given in 
Table I of Sklar and Lyddane. 


2 7.528 
A (aa; bb) =—— ’ 
R R2-6 


A;(aa;cc)=A;(V3R): A3(aa;dd)=A,(2R). 


The exchange integral, C12, (ab; ab), the hybrid 
coulomb-exchange integral, By.(ab; bb), and the 
exchange penetration integral, 7, (Q12) for atomic 
orbitals were obtained by extrapolation of curves 
drawn from the tables of Sklar and Lyddane. The 
coulomb penetration integral, Q(Q22) was calcu- 
lated in closed form as given by Sklar and 
Lyddane, Eq. (18). A consistent numerical error 
was noted in the values given in Table VI of 
reference 9. The numbers given in their Table VI 
are larger by a factor 2.34 than those given by 
their Eq. (18). 

The resultant numerical values of the energy 
integrals occuring in this paper as function of R 
are given in Table V. The units are electron volts. 

The normalization coefficients are defined as in 
the GMS paper thus: 


2nl 4rl 
oO, = 1 +25; +e oad hail 1)4S3, 


(17) 
where Sy are overlaps and were calculated from 


9 A. L. Sklar and R. H. Lyddane, J. Chem. Phys. 7, 374 
(1939). 


the closed form?° 


Ss frome : Qa 
“ao n= {e(-)| 


x | (R°+12R?+60R+120)}, 
5o= Si(v3R), 5S3= S,(2R). 


(18) 


The values of the normalization coefficients », 
o1, o2 and the overlap S; are given in Table VI. 

The general expression for the coulomb and 
interaction integrals (see GMS) between molec- 
ular orbitals is given below. All interactions of 
electrons, except coulomb, on atoms farther apart 
than neighbors are neglected. 


1 
Yu -——|40+24 1+2A2+A3 
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2nl 2rl’ 
+4Cin( cos cos-—~) ; 
6 6 
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|64o+12Cr 
360101" 
2r(l—l’) 
+A (10 COS —— 
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107(/—1’) 2nl’ 
+2 cos" —) + Bua 20 cos— _ (19) 
6 6 


2nl 1071’ 102/ 
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6 6 6 
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+10cos— 
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+8 cos _——) 
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10 Handbuch der Physik (Verlagsbuchhandlung, Julius 
Springer, Berlin, 1933), Vol. XXIV, p. 643, 
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Equilibrium Atom and Free Radical Concentrations in Carbon Monoxide Flames 
and Correlation with Burning Velocities 
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Calculations have been made of equilibrium concentrations of hydroxyl radicals and of 
hydrogen and oxygen atoms in moist carbon monoxide flames. Comparison with burning 
velocities, measured by Jahn by the Bunsen burner method, reveals a close correlation between 
observed burning velocities and such calculated hydrogen atom concentrations. Only a slight 
correlation exists with hydroxyl radical concentrations and none at all with calculated oxygen 
atom concentrations. A theoretical basis for these observations will be presented in a subsequent 


paper. 





INTRODUCTION 


HILE early theories of burning velocity 
were based entirely on heat conduction, 
recent studies* * have emphasized the importance 
of diffusion as well. A difficulty in treating the 
latter has been the evaluation of concentrations 
of active particles (chain carriers) in the reaction 
mixture, for kinetic steady state calculations are 
limited by uncertainty as to the velocities of the 
elementary reactions which are occurring. There 
is, however, one set of concentrations which 
statistical methods allow us to compute with 
some certainty—namely, the equilibrium concen- 
trations corresponding to the equilibrium flame 
temperature and over-all composition. It may 
perhaps be questioned whether such calculations 
correspond to reality, since combustion may not 
always proceed to thermodynamic equilibrium; 
nevertheless, it has seemed worth while to make 
such calculations and to explore in some well 
investigated case the possibility that a correlation 
might exist between these equilibrium concentra- 
tions and observed burning velocities. 

A particularly suitable example is the com- 
bustion of moist,carbon monoxide, on which an 
extensive series of measurements have been 
performed by Jahn,*> using the Bunsen burner 


‘National Research Council Predoctoral Fellow in 
Chemistry, 1946-1947. 

*E. Mallard and H. L. Le Chatelier, Ann. des Mines (8) 
4, 274 (1883). 

* B. Lewis and G. von Elbe, J. Chem. Phys. 2, 283 (1934). 
_* Y. Zeldovich and N. Semenov, J. Exp. Theoret. Phys. 
U.S.S.R. 10, 1116 (1940). Translation in N.A.C.A. Tech. 
Memo. No. 1084 (1946). 

*G. Jahn, Der Ztindvorgang in Gasgemischen (Oldenbourg, 
Berlin, 1942). 


method first developed by Gouy.* Such measure- 
ments are open to some question ;’ however, the 
method and underlying assumptions are simple 
and certainly permit an estimate of relative 
velocities at the very least. Accordingly, we have 
computed for a number of the mixtures used by 
Jahn, the equilibrium flame temperatures and 
the corresponding concentrations of hydroxyl 
radicals and of hydrogen and oxygen atoms. 
These have been compared with Jahn’s observed 
burning velocities. 


METHOD OF CALCULATION 


Equilibrium partial pressures of free radicals in 
flames can be calculated by use of appropriate 
equilibrium constants, provided that the flame 
temperature is known. (The concentrations of 
oxygen, carbon monoxide, and carbon dioxide, of 
course, are also assumed to be at equilibrium.) 
To evaluate this flame temperature a modifica- 
tion of the method of Lewis and von Elbe® has 
been used, involving a balancing of the heat of 
reaction to the final products (which will be 
partly dissociated into atoms and _ radicals) 
against the heat required to raise these products 
to the flame temperature. The flame temperature 
and the degrees of dissociation of the various 
product molecules are thus clearly interde- 
pendent, and a procedure involving trial and 
error must be adopted for the calculation. 

The equilibrium constants used in the calcula- 
tions reported in this paper have been taken from 


6 M. Gouy, Ann. Chim. Phys. (5) 18, 1 (1879). 

7B. Lewis and G. von Elbe, J. Chem. Phys. 11, 75 
(1943). 

§ B. Lewis and G. von Elbe, Phil. Mag. 20, 44 (1935). 
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TABLE I. Free radical concentrations and burning velocities 
in carbon monoxide flames. 
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*CO contains 1.35% HzO and 1.5% He. 

** CO contains 1.35% H20. 
the convenient compilation of Lewis and von 
Elbe,® except those involving hydroxyl radical. 
The latter have been recalculated by the authors 
on the basis of Dwyer and Oldenberg’s new value 
for the heat of dissociation of water into hydroxyl 
and hydrogen.!® Heat content functions required 
in the calculations have been taken from tables 
prepared at the Bureau of Standards." 


CALCULATIONS FOR CARBON MONOXIDE FLAMES 


It is interesting first to consider Jahn’s ex- 
periments upon the addition of small amounts of 
hydrogen to moist mixtures of carbon monoxide 
with air or oxygen. Jahn observed in each case 
that such addition caused an increase in burning 
velocity. Similar increases have been reported by 
other workers upon the addition of small amounts 
of water vapor to dry carbon monoxide flames.” * 


AND R. N. 


PEASE 


We have calculated equilibrium partial pressures 
of free radicals for a number of Jahn’s mixtures 
and have found, significantly, that the equilibrium 
partial pressures of hydroxyl radicals and of 
hydrogen atoms always increase upon the addi- 
tion of molecular hydrogen. To take just one 
example (the figures come from Table I): in a 
mixture of 60 percent moist carbon monoxide 
with 39.4 percent oxygen and 0.6 percent nitro- 
gen the equilibrium partial pressure of hydrogen 
atoms is 2.4X10-* atm.; upon the addition of 
1.5 percent of hydrogen to the carbon monoxide 
this figure rises to 3.8X10-* atm. The corre- 
sponding figures for hydroxyl radical concentra- 
tion are 0.86X10- and 1.310 atm., re- 
spectively. The observed burning velocities are 
68 cm/sec. without hydrogen and 93 cm/sec. 
with hydrogen. It should be noted that the 
equilibrium partial pressures of oxygen atoms do 
not undergo important changes upon hydrogen 
addition. 

This series of experiments on the addition of 
hydrogen is particularly crucial because no 
variables which can be thought of as directly 
affecting the burning velocity, other than these 
free radical concentrations, are appreciably 
altered by such addition. Thus the flame temper- 
ature, when calculated to the nearest 10°, is com- 
pletely unchanged, and changes in thermal and 
diffusion properties can be only very slight. 

It is clearly desirable to extend these calcula- 
tions to cover the whole range of moist carbon 
monoxide flames examined by Jahn. Table | 
contains a series of such calculations for a variety 
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Fic. 1. Correlation between burning velocity and free radical concentrations. 


®B. Lewis and G. von Elbe, Combustion, Flames and Explosions of Gases (Cambridge University Press, England, 


1938), p. 380. 


10 R, J. Dwyer and O. Oldenberg, J. Chem. Phys. 12, 351 (1944). 
1 —D. D. Wagman, J. E. Kilpatrick, W. J. Taylor, K. S. Pitzer, and F. D. Rossini, J. Research Nat. Bur. Stand. 34, 


143 (1945). 


12 L, Ubbelohde and O. Dommer, J. Gasbel. 57, 757, 781 (1914). 
3 E. F, Fiock and C. H. Roeder, N.A.C.A. Reports 532 (1935), 553 (1936). 
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of mixtures, varying from rich mixtures with only 
one-half the stoichiometric amount of oxygen to 
lean mixtures with three times the stoichiometric 
oxygen content. Moreover, the ratio of oxygen to 
nitrogen varies from 1:4 to 65:1, and mixtures 
with and without added hydrogen are included. 
The last column of Table I contains Jahn’s 
experimental burning velocities, and in Fig. 1 
these have been plotted against values of the 
partial pressures of hydroxyl radicals and of 
hydrogen and oxygen atoms. It is apparent that 
no correlation exists between burning velocity 
and oxygen atom concentration, and a slight one 
at best between burning velocity and hydroxyl 
radical concentration. On the other hand, a 
striking correlation is seen to exist between burn- 
ing velocity and hydrogen atom concentration. 


That such a correlation should exist for hydro- 
gen atom concentration, but not for oxygen atom 
or hydroxyl radical concentration, is not unex- 
pected. For, if the extent to which free radicals in 
the flame can be utilized in the combustion process 
depends upon diffusion—and it is logical to make 
such a supposition—the effect of hydrogen atoms, 
because of their very high rates of diffusion, will 
overshadow that of any of the other radicals. It 
would further appear that if such a correlation 
exists in carbon monoxide flames, it should also 
hold true for pure hydrogen flames. Preliminary 
calculations show that this is indeed true, and 
further work on such flames is planned. 

Another paper will be presented in the very 
near future which will suggest a theoretical basis 
for the results outlined above. 
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Theory of Burning Velocity. I. Temperature and Free Radical Concentrations Near 
the Flame Front, Relative Importance of Heat Conduction and Diffusion! 
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A previous paper having suggested that hydrogen atoms play an important part in combus- 
tion, an investigation is made of the relative importance of heat conduction and diffusion in 
establishing concentrations of hydrogen atoms near the flame front. To do this, differential 
equations are set up for heat transfer and for material transport. These equations are solved for 
two typical mixtures, one containing moist carbon monoxide, the other containing hydrogen. It 
is shown that the temperature falls rapidly as the distance from the flame front increases, and 
that the local thermal equilibrium concentration of hydrogen atoms, being a negative expo- 
nential of that temperature, falls more rapidly still. On the other hand, the local non-equilibrium 
concentration of hydrogen atoms, which is caused by diffusion from the flame front into unburnt 
gas, falls only slowly with distance. It is thus concluded that diffusion plays a more important 


role than heat transfer. 


INTRODUCTION 


[' has already been suggested by Lewis and von 
Elbe* that the diffusion of atoms and free 
radicals is more important than heat conduction 
in initiating combustion. This idea received sup- 


_— 


' Abstracted in part from a thesis submitted in partial 
fulfillment of the requirements for the degree of Doctor of 

ilosophy at Princeton University. 

*National Research Council Predoctoral Fellow in 
Chemistry, 1946-47. 

* B. Lewis and G. von Elbe, J. Chem. Phys. 2, 537 (1934). 


port in a communication from this laboratory‘ in 
which calculations were made of equilibrium 
atom and free radical concentrations in moist 
carbon monoxide flames for points at which com- 
bustion has proceeded adiabatically to equi- 
librium. It was shown that there exists a very 
close correlation between such calculated hydro- 
gen atom concentrations and experimentally 


*C. Tanford and R. N. Pease, J. Chem. Phys. 15, 431 
(1947). 
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Fic. 1. Flame front and combustion zone. 


determined burning velocities. Less correlation 
was found for hydroxyl radicals, and none at all 
for oxygen atoms. This observation is a reasonable 
one if we suppose that the extent to which free 
radicals in the flame can be utilized for flame 
propagation depends upon diffusion, for then the 
effect of hydrogen atoms, because of their very 
high rate of diffusion, will overshadow that of any 
other free radicals. 

On the other hand, this correlation is not 
readily explained by theories of burning velocity 
based upon heat conduction,® for, according to 
such theories, the burning velocity depends upon 
the rate at which unburnt gas can be ignited by 
heat conducted from the flame front (which in 
this paper is defined as the surface of the flame 
where combustion has gone to equilibrium). 
From our present knowledge of combustion 
processes we would interpret the ignition of gas 
mixtures by heat conduction as caused by the 
formation by thermal dissociation of a local con- 
centration of atoms or free radicals high enough 
to initiate and maintain a chain process leading to 
combustion. 

Thus two alternative pictures of combustion 
processes present themselves: (1) that the 
unburnt gas is ignited by free radicals produced 
locally by thermal dissociation following heat 
conduction, and (2) that it is ignited by free 
radicals supplied to the unburnt gas by diffusion 
from the flame front. It is clearly of advantage to 
investigate these possibilities more thoroughly. 

Accordingly, we have in this paper set up an 


° E. Mallard and H. L. Le Chatelier, Ann. Mines 4, 274 
(1883), and subsequent modifications. 
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equation for heat transfer by means of which the 
static temperature at any point in the combustion 
zone can be obtained. From a knowledge of this 
temperature the thermal equilibrium concen- 
tration of any free radical at any point can be 
calculated. Similarly, we have set up an equation 
for material transport, from which, if we know 
the equilibrium concentration of any free radical 
at the flame front, we can calculate the station- 
ary diffusion concentration of such a radical at 
any other point in the combustion zone. 

It will be shown that in two typical and 
common cases such stationary non-equilibrium 
concentrations of hydrogen atoms are much 
higher than thermal concentrations. Hence in 
these cases heat conduction cannot play a major 
role in the determination of burning velocities, 
which are more probably determined entirely by 
diffusion of hydrogen atoms from the flame front. 


THE TEMPERATURE DISTRIBUTION 


In order to obtain the temperature distribution 
in the vicinity of the flame front we consider the 
simple model illustrated in Fig. 1. Let the reac- 
tion zone be stationary with respect to the 
coordinate system x— TJ. Then the unburnt gas, 
initially at the temperature 7», moves in the 
direction of the arrow towards the flame front, 
which is taken as the point where x=0 and where 
the temperature is the equilibrium flame temper- 
ature, 7). The flow is taken normal to the flame 
front, so that in the cold unburnt gas (7 = 7») the 
flow velocity must be the burning velocity as 
defined in the usual manner.* It is here designated 
by the symbol uo. 

We now set up the differential equation for 
heat transfer, considering at each point (1) the 
motion of the gas stream, which tends to replace 
gas of temperature T(x) by cooler gas, and the 
opposing processes (2) of heat conduction from 
left to right along the negative temperature 
gradient, and (3) of heat release by chemical 
reaction. To obtain the equation for the steady 
temperature we must find expressions for the rate 
of change of temperature at any point by each of 
these three processes, and equate the sum of these 
changes to zero. 


6W. Jost, Explosions- und Verbrennungsvorgange im 
Gasen (Verlagsbuchandlung Julius Springer, Berlin, 1939), 
p. 63. 
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Taking first the rate of change of temperature 
due to gas motion, we consider a volume element 
dS-dx, parallel to an element dS of the flame 
front. The gas streaming towards the flame front 
will replace gas in this element, of temperature 7, 
by that in an adjoining element, of temperature 
T+(0T/dx)dx, in a time dt=dx/u. Hence, per 


second, 
oT oT dx oT 
(—) =—dx [/ —=u—. (1) 
Ot/, Ox u Ox 


The rate of change of temperature due to heat 
conduction is given by Fourier’s equation. Where 
c, the specific heat, and k, the thermal con- 
ductivity, are regarded as constant over the 
whole combustion zone, we obtain, where p is the 
density at any point, 


(OT /dt)2=(k/cp)(0?T/dx?). (2) 


Finally, the rate of change of temperature due 
to the release of chemical energy can be expressed 
in terms of a variable A, which defines the 
progress of the chemical reaction (as measured by 
the heat release) as a function of x. The variable \ 
is equal to zero at all points outside the com- 
bustion zone (i.e., where x is sufficiently large) 
and is equal to unity where x=0. If Q is defined 
as the total amount of heat released in the com- 
bustion of one gram of unburnt gas, then, if we 
consider again a volume element dS-dx, the 
amount of heat released per second in this 
element must be the mass of gas passing through 
the element per second (pudS), multiplied by the 
factor —Q(d\/dx)dx. This amount of heat re- 
leased per second must be equal to the rate of 
change of temperature in the element multiplied 
by the mass of gas in the element (pdSdx) 
multiplied by the specific heat, i.e., 


(07 /dt) scpdSdx = — Q(0d/ dx) pudSdx, 


(07 /dt)s= — (Qu/c)(0d/dx). (3) 


Adding Eqs. 1, 2, and 3, equating to zero, and 
replacing partial by total derivatives, we obtain 


kd’T dT Qudyx 


— .-———— u— - —_ —_ = 


cp dx? dx 


Multiplying by cp/k, and introducing the condi- 


tion of conservation of mass, pu =constant = potto, 
this reduces to 


dx? k dx 


To solve this equation it becomes necessary to 
make an assumption regarding dd/dx. Two 
simple ones suggest themselves: (a) all heat is 
released at the flame front (x=0) and none else- 
where, so that d\/dx vanishes except at x=0; 
(b) the chemical reaction proceeds evenly over 
the whole of the combustion zone, which shall be 
taken to be of thickness 6, so that d\/dx becomes 
equal to a constant, —1/é6. The true state of 
affairs is certainly intermediate between these 
two assumptions. Assumption (a) can therefore 
be expected to yield too steep a temperature 
gradient, while assumption (b) probably results 
in too gradual a drop. In practice it will be found 
that the results obtained by use of these two 
assumptions do not differ very greatly, so that a 
fairly close estimate of the true temperature at 
any point can be obtained. 

Under these two assumptions, Eq. 4 reduces, 
respectively, to 


(d?T /dx*) +A (dT/dx) =0, (Sa) 


(2T/dx?)+A(dT/dx)+AB=0, (5b) 


where A and B are used to designate the products 
Cpouo/k and Q/cé, respectively. It should be noted 
that Eq. (5b) applies only between the limits 
0<x<6; where x>6 no heat is released, and 
Eq. (5a) must be applied also to the case of 
assumption (b). 

To solve these equations we must introduce the 
boundary conditions, 7=7;, where x=0, and 
dT /dx=0 where T=T>. In the case of assump- 
tion (b) we must in addition specify that T and 
dT /dx are continuous at the point x =6. The two 
solutions then become: for assumption (a) 


(T— To) =(11— To)e—**, (6a) 
and for assumption (b) 


(T—To) ={T1—To—B(1/A +8) }e-4 
—Bx+B(1/A+65),. (6b) 


where Eq. (6b) applies for O0<x <6, The solution 









































TABLE I. Data for combustible mixtures. 








Mixture No. 1 Mixture No. 2 








Composition 60% CO,* 39.4% Ox, 40% He, 24% Os, 
0.6% Ne 36% Noa 

T1, °K» 2930 2750 
To, °K 298 298 

po, g/cce 1.22 K10-3 7.6 X1074 
uo, cm/sec.4 68 362 

c, cal./g °Ce 0.29 0.43 

k, cal./sec. cm °C 1.95 X10~4 4.0 X1074 
Q, cal./g> 795 1015 

6, cm 0.01 0.005 

A =cpouo/k 123 296 
B=Q/cé 2.74 K10° 4.72 K105 
pH, atmos.» 2.4 X10-3 1.35 X1072 
Do, cm? /sec.* 1.95 2.75 

B’ (see Eq. (16)) 1.35 1.13 








*® CO contains 1.35 percent H2O. 

b Calculated as shown in reference 4. 

© Density at 1 atmos. and 298°K. 

4 Jahn, Der Ziindvorgang in Gasgemischen (Oldenbourg, Berlin, 1934). 

e Estimate from values given by Wagman, Kilpatrick, Taylor, Pitzer, 
and Rossini, J. Research Nat. Bur. Stand. 34, 143 (1945). 

{ Extrapolation and estimate for mixtures from values given by 
McAdams, Heat Transmission (McGraw-Hill Book Company, Inc., 
New York, 1942). 

« Calculated from Stefan-Maxwell equation, using molecular radii 
from Chapman and Cowling, The Mathematical Theory of Non-Uniform 
Gases (Cambridge University Press, England, 1939), p. 248; and the 
value 0.53A (the Bohr radius) for the hydrogen atom. Values for 
mixtures obtained by suitable interpolation. 


for x>6 is 


(T—To)={T:1—To— B(1/A +4) 
+(B/A)e**}e-4*. (6c) 


Equations (6a), (6b), and (6c) have been used 
to evaluate the temperature distributions of two 
typical mixtures, one containing moist carbon 
monoxide, the other containing hydrogen, for 
both of which experimental values of the burning 
velocity are available. Estimates of 0.01 and 
0.005 cm, respectively, have been made for the 
thickness of the flame front, these being the 
distances beyond which the lower limit of the 
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Fic. 2. Temperature and hydrogen atom concentration 
near flame front in carbon monoxide mixture (mixture 
No. 1). 
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temperature falls below 1000°K.? Other data 
used in the evaluation (as well as those used in 
the diffusion calculation below) are listed in 
Table I, together with references to the sources 
from which they have been obtained. 

The resulting temperature distributions are 
plotted in Figs. 2 and 3. The lower limit of the 
temperature distribution is probably closer to the 
truth than the upper limit, for the velocities of 
any rate-determining chemical reactions must 
increase exponentially with temperature, with 
the result that the heat release is probably 
concentrated much closer to the flame front than 
has been supposed in assumption (b). 


RADICAL CONCENTRATION DUE TO DIFFUSION 


In order to obtain the concentration of any free 
radical at any point in the combustion zone and 
due to diffusion from the flame front, it is 
necessary first to calculate the equilibrium partial 
pressure, p, of the radical at the flame front, 
using the method described in our previous paper. 
A differential equation for material transport can 
then be set up, similar to that for heat transfer 
given above. Unfortunately, if this equation is 
set up in rigorous form, with the temperature 
gradient taken into account, it becomes insoluble 
by ordinary means. Thus it becomes necessary to 
simplify the problem by assuming that the flame 
front and the whole combustion zone are all at 
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Fic. 3. Temperature and hydrogen atom concentration neat 
flame front in hydrogen mixture (mixture No. 2). 


7These are extreme estimates. Most observers give 
smaller values, e.g. Lewis and von Elbe, reference 3, 
compute a thickness of 10-* to 10~* cm. Use of such a small 
value would, of course, bring the upper limit of the temper- 
ature obtained by us even closer to the lower limit. 
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one constant mean temperature, 7,,, which we 
shall take, in general, to be some fraction of the 
flame temperature. The effect of such a simplifi- 
cation is to give to the density and the flow 
velocity values p, and u,, which are constant 
over the entire combustion zone. 

As in the case of heat transfer, we now 
enumerate the changes in radical concentration, 
c, taking place at any point, and, since we are 
interested in the steady state, equate the sum of 
these changes to zero. The changes in radical 
concentration which we must consider are (1) 
those due to the motion of the gas stream, which 
tends to replace gas of radical concentration c(x) 
by gas with a smaller concentration, (2) those 
due to chemical processes, and (3) those due to 
diffusion. 

Taking first the rate of change due to gas 
motion: by reasoning exactly analogous to that 
used in the case of heat transfer we get 


(dc/dt)1=tUm(dc/dx). (7) 


Next, the chemical processes: these may be of 
zero, first, or second order with respect to the 
radical concentration. Since the differential equa- 
tion which we shall obtain will be non-linear if we 
include terms in c*, it will be necessary to estimate 
the rates of second-order processes relative to the 
first order processes and to take them into ac- 
count in the first-order term. Zero-order terms 
can be taken care of without difficulty where they 
occur: they are of no importance in the cases 
which we shall discuss in this paper, and so are 
omitted for the sake of simplicity. The net effect 
of chemical reactions is then described by a term 


(8c/at)2=A’'c, (8) 


where A’ is negative if there is a net loss of 
radicals because of chemical reaction. 

Finally, Fick’s equation gives the rate of in- 
crease of radical concentration due to diffusion 
from left to-right. Where D,, is used to designate 
the diffusion coefficient of a given radical into 
unburnt gas at the temperature T,,, we have 


(dc/dt)s=D,n(0?c/dx?). (9) 
We now add Eggs. (7)—(9) and equate to zero. 


Since x is our only independent variable, we can 
replace partial by total derivatives, and so obtain 


Dn(@c/dx?) +tm(dce/dx)+A'c=0. (10) 


At the point x=0 the partial pressure of any 
free radical, and, hence, the corresponding con- 
centration, c;, are known. Also, as x becomes 
large, both c and dc/dt tend to zero. Allowing for 
these boundary conditions, and giving to A’ an 
average value independent of x, we can solve 
Eq. (10) and obtain 


C=C\ 


UmX 
xexp( —{3{1+(1 ~44'D/tn’))\— ) ; (11) 


or 
c=c, exp(—B’unx/D»), (12) 


where we have replaced the expression in brackets 
in Eq. (11) by the symbol B’. We see that where 
changes in radical concentration due to chemical 
processes are negligible, i.e., where A’ vanishes, 
B’ is equal to unity. ' 

Since hydrogen atoms appear to be the most 
important free radicals in the combustion of 
hydrogen and carbon monoxide,‘ we _ shall 
evaluate by means of Eq. (12) the concentrations 
of hydrogen atoms in the two mixtures already 
discussed above. To do so we must first find 
appropriate expressions for B’. 

Of the possible reactions involving hydrogen 
atoms, only two are probably fast enough to have 
an appreciable effect upon the hydrogen atom 
concentration. These are 


H+0.+ M—-HO,4+ M (1) 
and 


H+H+M—-H.,4+UM, (11) 


where M represents any third body.’ From a 
knowledge of the rates of these reactions it will be 
possible to evaluate A’ (Eq. (11)), and, hence, B’. 

The rate of disappearance of hydrogen atoms 
by reaction (1) is most conveniently expressed by 


—dcy/dt=kiguqoocn, (13) 


where gy is the mole fraction (total pressure one 
atmosphere) of all possible third bodies, which is, 
of course, equal to unity, while goz is a mean 
value of the oxygen mole fraction over the reac- 


8V. Kondratev, [Bull. acad. sci. U.R.S.S., Classe sci. 
chim. 501 (1940) ] and others have shown that the reactions 
OH+CO—CO:+H, and OH+H:~H,0+H are slow 
compared with I. G. von Elbe and B. Lewis (reference 9) 
arrive at a slow rate for HO, formation in the absence of a 
third body. 
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tion zone. The rate constant k; is then in 
units of sec.—'. Now von Elbe and Lewis’ give for 
the three-body reaction H+O.+ WM a rate con- 
stant of 0.8110" cm® mole sec.-! (298°K) 
where the third body is hydrogen, and about one- 
third of that where the third body is oxygen or 
nitrogen. There is apparently no change in the 
rate constant with temperature. For mixture No. 
1, therefore, which consists largely of O2, Ne, and 
CO (cf. Table I), the best value of this rate 
constant is probably about 0.310" cm* mole 
sec.—!. Converting to the units of ki by multi- 
plication by L?/N?’6,,?, where N is Avogadro’s 
number, Z is the number of molecules per cc at 
room temperature, and 6», is T/T, the ratio of 
the mean temperature to room temperature, we 
obtain k; = 6000/6,,2. For mixture No. 2 a similar 
estimate yields k;=11,000/8,,.2. Hence, by com- 
parison of Eq. (13) with Eq. (8), the contribution 
of reaction (I) to A’ must be, for mixture No. 1, 


6000 
q0e2 


2 
m 


= 


(14) 


while A’ for mixture No. 2 is 11/6 of this ex- 
pression. 

The rate of disappearance of hydrogen atoms 
by the recombination reaction (I]) is 


— dey /dt=2ks'qucn’, 


the number 2 indicating that two hydrogen atoms 
are lost per successful collision. Since, as has 
already been mentioned, we must make this 
expression first order with respect to the hydro- 
gen atom concentration, cy, we shall introduce in 
place of one of the terms cy an average hydrogen 
atom concentration. Choosing for this one-half 
the equilibrium concentration at the flame front, 
and again expressing in the most convenient 
units, we obtain 


—dcy/dt=koqupucu, 


where gy is again equal to unity, and py is the 
equilibrium partial pressure of hydrogen atoms 
at the flame front. Steiner!® has found the rate 
constant of reaction (II) to be 1.110'* cm® 
mole~ sec.—!. Again converting to the proper 
units we obtain ko=2.2X107/6,”, i.e., the con- 


* G. von Elbe and B. Lewis, J. Chem. Phys. 7, 710 (1939). 
10 W. Steiner, Trans. Faraday Soc, 31, 623 (1935). 
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tribution of reaction (I1) to A’, for both mixtures 


1 and 2, is 
2.2 10' 


6, 


te 


Pu. (15) 
Adding contributions (14) and (15), we obtain 
for the correction term B’, for mixture No. 1, 


24,000D, , 
1+ + —(qox+3700 0) ; (16a) 


10°70 m,” 


F oan 
Br=3 
and for mixture No. 2, 


44,000D, 2 
B= | 1 +1 + (gous 20001) | r (16b) 


Uo Om 


Equation 12, with the proper expressions for 
B’, has been applied to the two mixtures dis- 
cussed in the last section. For @,, we have used 
the value 0.77;/T o, for D,» we have used the 
value Do6,”, where Do is the diffusion coefficient 
for hydrogen atoms into the unburnt gas at room 
temperature, and for u», we have used the value 
U00m, Where up is the normal flow velocity of the 
unburnt gas, i.e. the burning velocity. A value for 
go2z has been estimated from initial and final 
compositions; all other necessary numerical data 
are contained in Table I. 

The resulting hydrogen atom concentrations 
are given in the last column of Table II and are 
plotted in Figs. 2 and 3. It is seen that the 
hydrogen atom concentration changes with dis- 
tance more slowly than does the temperature. 
This is not unexpected, since the conduction of 
heat, depending on the mean free path of an 
average molecule, is less efficient than the diffu- 
sion of hydrogen atoms, which depends on the 
relatively large mean free path of hydrogen 
atoms. 

It should be remembered that these radical 
concentrations have been obtained on the as- 
sumption of a constant temperature, 7,,, over the 
whole combustion zone. The effect of this as- 
sumption has been to steepen the concentration 
curve very near the flame front, and to flatten it 
at greater distances. 


RELATIVE IMPORTANCE OF HEAT CONDUCTION 
AND DIFFUSION 


As was mentioned in the introduction, these 
calculations have been made not only for their 








tures 


(16a) 


16b) 


s for 
- dis- 
used 
| the 
cient 
room 
value 
f the 
ie for 
final 
data 


tions 
1 are 
- the 
| dis- 
ture. 
ym of 
f an 
liffu- 
1 the 
ogen 


dical 
> as- 
r the 
$5 as- 
ition 
en it 


TION 


-hese 
their 


THEORY OF BURNING VELOCITY 439 


own intrinsic interest, but also to decide whether 
the ignition of unburnt gas approaching the flame 
front is more likely to be caused by hydrogen 
atoms or other free radicals produced thermally 
(heat conduction theory), or by hydrogen atoms 
supplied by diffusion from the flame front. Hence 
it is desirable to compare the calculated hydrogen 
atom concentrations due to diffusion with local 
equilibrium concentrations to be expected from 
thermal dissociation. 

To estimate the latter, a maximum value of the 
molecular hydrogen concentration has been as- 
sumed for every point. For mixture No. 1, which 
has no hydrogen present initially, we have taken 
this concentration to be the equilibrium concen- 
tration due to water dissociation at the flame 
temperature ; for mixture No. 2 we have assumed 
that all of the molecular hydrogen initially 
present remains unchanged up to a distance of 
(.001 cm from the flame front. For both mixtures 
the equilibrium constants for hydrogen dissocia- 
tion given by Lewis and von Elbe" have then 
been used to calculate the thermal hydrogen atom 
concentrations. Since the molecular hydrogen 
concentrations are maximum values, the atomic 
concentrations will also be maximum ones. 

Figures for such a comparison, for the two 
mixtures already discussed, are given in Table I], 
in which are listed, for various distances from the 
flame front, the temperature half-way between 
the upper and lower limits (Figs. 2 and 3), the 
equilibrium thermal hydrogen atom concentra- 
tion at that temperature, and, finally, the hydro- 
gen atom concentration due to diffusion. It is 
seen that the thermal equilibrium concentration, 
being a negative exponential of the temperature, 
drops with extraordinary rapidity. The diffusion 
concentration, however, drops only very slowly. 

It is clear from Table II that heat conduction 
is not a factor of importance in establishing 
hydrogen atom concentrations in unburnt gas 
approaching a combustion zone, but that such 
atom concentrations are more probably de- 


''B. Lewis and G. von Elbe, Combustion, Flames and 
Explosions of Gases (Cambridge University Press, England, 
1938), p. 382. 


TABLE II. Hydrogen atom concentrations due to thermal 
dissociation and to diffusion. 








Partial pressure H atoms, atmos. 


Therm. dissoc. 
(Maximum value) Diffusion 





Mixture No. 1 
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termined entirely by diffusion from the flame 
front. It should be mentioned that no considera- 
tion has been given here to the possibility of a 
maximum in the hydrogen atom concentration at 
a point other than the flame front, due to chain 
branching. Such a maximum is unlikely to occur 
for hydrogen atoms, however, because of the high 
rates of three-body recombination and reaction 
to form HO,. 

A quantitative theory for burning velocity 
based upon the concept that diffusion from the 
flame front is the determining factor, and utilizing 
some of the equations derived in this paper, will 
be presented in the near future. 
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The fractionation factor for the exchange reaction between ammonia and ammonium 
nitrate was determined as a function of the dissolved ammonia content. It was found that for 
a stock solution containing 59.3-59.6 percent ammonium nitrate 


a=—0.029M +1.034, 


where a@ is the fractionation factor at 25°C and M the fraction (Moles NH;3)/(Moles NH; 
+ Moles NH,NOs), in solution. From these data, the equilibrium constant for the exchange 


reaction 


N"H,*(sol) +NH3(gas)—>N"H,* (sol) +N"™“Hs3(gas) 
was calculated to be 1.034, while that for the reaction 
N*H;(sol)-+N"H3(gas)<N"H;(sol) + N“H3(gas) 


was found to be 1.005. Vapor pressure and density data were determined for the ammonia- 
ammonium nitrate solutions as a function of the ammonia concentration. 





INTRODUCTION 


REY and co-workers*-* have studied the 
exchange reaction as a means of concen- 
trating the nitrogen isotopes. They have shown 


that high concentrations of N'® can be obtained 
by the use of this exchange reaction in a cascade 
of packed columns operating as a counter-cur- 
rent system. The data obtained indicate that 


TABLE I. Effect of NH,* concentration upon the 
fractionation factor. 








Fractionation 


Weight % (NH4)2SO4 
factor (a) 


in stock solution 


0 ; 1.006 

5 1.0067 
14 1.012 
31 1.021 
34 1.022 











*This paper is based on the work performed under 
Contract No. W-7405-eng-50 for the Manhattan Project at 
Columbia University. 

1 Present Address: Standard Oil Development Company, 
Research Division, Elizabeth, New Jersey. 

2? Present Address: E. I. DuPont de Nemours and 
Company, Inc., Towanda, Pennsylvania. 

3H. C. Urey and A. H. W. Aten, Jr., Phys. Rev. 50, 575 
(1936). 

4H. C. Urey, J. R. Huffman, H. G. Thode, and M. Fox, 
J. Chem. Phys. 5, 856 (1937). 

5H. G. Thode, J. E. Gorham, and H. C. Urey, J. Chem. 
Phys. 6, 296 (1938). 

*H. G. Thode and H. C. Urey, J. Chem. Phys. 7, 34 
(1939). 


the fractionation factor 


N14 NU 
ae 
N15 gas N's sol 


is larger the greater the concentration of NH,* 
ion in solution. Thus the fractionation factor 
obtained by using a 60 percent ammonium 
nitrate solution in water with a total pressure 
over the solution of 180 mm of Hg was about 
1.021 as compared to a value of only 1.012 for 
a 15 percent ammonium sulfate solution with a 
pressure of 200 mm of Hg. Additional data 
taken from the paper by Urey, Huffman, Thode, 
and Fox‘ are summarized in Table I. It is for this 
reason, and also because the more concentrated 
the NH,* solution the smaller the fractionating 
columns need be for a given throughput of NH,*, 
that it was found advisable to use ammonium 
nitrate as the ammonium salt. Ammonium 
nitrate has a solubility of about 60 percent by 
weight at room temperature. 

For proper design of a plant for the separation 
of the nitrogen isotopes by means of the exchange 
between ammonia and ammonium nitrate, it is 
necessary to know the fractionation factor as 
accurately as possible. This is so because the 
size of the plant, and therefore its cost, and 
perhaps feasibility, is inversely proportional to 
(a—1)?. Three different values have been re- 
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NITROGEN ISOTOPE SEPARATION 


ported for the fractionation factor for the ex- 
change between ammonia and ammonium ion. 
Urey and Aten* reported a value of 1.027 using 
a Rayleigh distillation method with a solution 
of ammonium chloride. Urey, Huffman, Thode, 
and Fox‘ obtained a value of 1.021 as calculated 
from the operational data obtained for a counter- 
current system in a glass column using a 60 
weight percent ammonium nitrate solution and 
also using a 31-34 weight percent ammonium 
sulfate solution. Recently, Thode, Graham, and 
Ziegler’? published a value of 1.031+-0.003 for a 
at 25°C for the exchange reaction between 
ammonia and ammonium nitrate. 

It must be realized that in a solution contain- 
ing both ammonia and ammonium ion in equi- 
librium with a gas phase containing ammonia, 
at least two equilibria are involved; namely, 


N"H,*(sol) +N!5H3(gas)= 
N'5H,*(sol) +N"“H3(gas) 


and 


N"“H;(sol) + N'5H3(gas)= 
N15H (sol) + N"“H3(gas), 


where NH,(sol) refers to all compounds that the 
dissolved ammonia may form in solution. Thus 
the observed fractionation factor is probably a 
function of the equilibrium constants for both 
reactions. Its dependence upon these constants 
can be obtained mathematically if one makes 
several simple assumptions. This is done in the 
following section. 


MATHEMATICAL CONSIDERATIONS 


It is assumed that the following isotopic 
equilibria are involved in the liquid-vapor system 
H,O, NHs, and NH,NO3; at 25°C: 


N“H,+(sol) +NH3(gas)—= 
N!°H,4*(sol) +N“H;(gas) (1) 


N“H;(sol) + N4°H3(gas)— 
N}5H, (sol) +N“H;(gas), (2) 


where NH;(sol) refers to all molecular species 
which the dissolved ammonia may form in 
solution. Designating the concentrations by the 


mm 


"H. G. Thode, R. L. Graham, and J. A. Ziegler, Can. J. 
Research 23B, 40 (1945). 


following symbols: 


A=(N"H,")sol, B=(N!5Hs3)gas, 
C=(N"H,*)sol, D=(N"Hs)gas, 
E=(N¥"H;)sol, and F=(N"Hs)sol, 
then 
K,=CD/AB (3) 
and 
K2=FD/EB. (4) 
By definition, 
D sA+E 
shemale a (S) 
Bl C+F 


where a is the fractionation factor. It is easily 
shown from these equations that 


a=K,—(K,—K.)E/A+E. 


Defining M as the ratio of moles of ammonia in 
solution to moles of ammonia plus moles of 
ammonium ion in solution, 


M=E+F/E+F+A+4C. 


In the experiments to be described FE and 
CA, since both E/E+F and C/A+C are ap- 
proximately 0.0038. Consequently, M=E/E+A, 
and 

a= M(K.—K,;)+K, (6) 
or 


a—1=M(K,—K;)+(K:-1). (6’) 


If Ke and K, are constant, then a plot of a—1 
vs. M, or a vs. M, should give a straight line. 
This assumption presupposes that 

(a) The presence of ammonium nitrate has 
no effect on the isotopic equilibrium between 
NH;(sol) and NH;(gas), i.e., Ke is not a function 
of the ammonium nitrate concentration of the 
solution. 

(b) The amount of water present as a solvent 
does not affect either equilibrium constant. 


DETERMINATION OF THE FRACTIONATION 
FACTOR 


Aliquots of stock solutions containing approxi- 
mately 60 weight percent ammonium nitrate 
were equilibrated with gaseous ammonia at 
various pressures at 25°C. A sample of the 
vapor phase was taken under its own pressure 
by means of a mercury displacement device. 
A sample of the liquid phase was then taken by 
means of a syphon. Alkali was added to the 
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Fic. 1. Apparatus for the determination of the 
fractionation factor. 


liquid sample and the liberated ammonia was 
completely removed. This ammonia, as well as 
that obtained as a vapor sample, was oxidized 
over copper oxide to nitrogen. Since in all cases 
conversions were complete, the isotopic content 
of a nitrogen sample was considered to represent 
that of the ammonia sample from which it was 
formed. The nitrogen samples were then analyzed 
on a Nier 60° sector field mass spectrometer for 
isotopic content. The N™“N'°/N“N" ratio for 
the nitrogen from the ammonia of the liquid 
sample was compared directly to the same ratio 
for the nitrogen of the ammonia from the vapor 
sample. Thus the mass spectrometer readings 
gave a (the fractionation factor) directly. 

The apparatus used for the equilibration is 
shown schematically in Fig. 1. Actually two 
equilibration flasks (F in Fig. 1) were used, one 
for equilibration with ammonia at relatively low 
pressures (~150 mm) and the other for the 
equilibration experiments with ammonia gas at 
higher pressures. The two apparatus were similar, 
differing only in length and in the relative posi- 
tion of the liquid syphon, with a larger vapor 
phase in the apparatus used for the lower 
pressures. 

An aliquot of stock solution containing ap- 
proximately 60 weight percent ammonium nitrate 
was poured into the well-dried equilibration 
flask. The amount of solution used for an experi- 
ment was governed primarily by the pressure 
of ammonia at which the equilibration was to 
be done. The volume of the solution was not at 
all critical except that, since the volume increased 
as ammonia dissolved in the solution during the 
equilibration, care had to be taken to assure that 
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an adequate size vapor sample could be obtained. 
The greater the initial liquid volume and the 
greater the final pressure of ammonia, the smaller 
the available vapor phase. 

After addition of the solution, the system was 
connected as shown and evacuated. Care was 
taken not to boil off too much water from the 
solution during evacuation. It might be stated 
at this point that all of the stopcocks and ground 
glass joints were lubricated with Lubriseal grease. 
After evacuation, ammonia was passed into the 
solution via the fritted glass disk. In some experi- 
ments the ammonia gas was passed into the 
solution rapidly, whereas in others the rate of 
addition of ammonia was very slow. When the 
predetermined total pressure (sum of the partial 
pressures of both the ammonia and water) was 
reached, as indicated on the mercury manometer, 
the system was isolated from the tank of ammonia 
and then pumped upon for a few moments. 
This was done in order to assure the absence of 
all air. Then a littlke ammonia was added to 
readjust the pressure to the proper value at 
25°C. During the addition of the ammonia, an 
attempt was made to maintain the temperature 
of the solution at 25°C. This was not too diff- 
cult except during those experiments in which 
ammonia was added rapidly. But in all experi- 
ments, after the proper pressure was attained 
at 25°C, the equilibration flask was submerged 
in a thermostat maintained at 25.00+0.01°C. 
Periodically the flask was removed from the 
thermostat and well shaken, care being taken to 
mix the liquid and vapor phases efficiently. This 
mixing assured isotopic exchange equilibrium 
at 25.0°C. 

To understand best how a gas sample was 
taken, reference should be made to Fig. 1. Bulb A 
was well dried and filled completely with mer- 
cury by means of the leveling bulb B. Stopcock 1 
was then turned to connect the mercury-filled 
bulb A to the vapor in the equilibration flask, 
F, proper. Following this, stopcock 2 was 
turned connecting bulb A with lead C. As the 
mercury flowed into the bottom of the equilibra- 
tion flask it displaced solution which in turn 
forced an equal volume of vapor into the bulb A 
without any pressure changes occurring. Stop- 
cocks 1 and 2 were then turned so that mercury 
could flow into A from the leveling bulb, and in 
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TABLE II. Fractionation factors for the exchange. 


N!4H,4*(sol) +N®H3(gas) —>N™H,4*(sol) +N™4H;3(gas) 








Composition of 
solution in wt. % 


Moles NH3 Fractionation factor 





Z 
ro 
eo} 
S 


Solution 


H:0 NHsNO; Moles NH;:+Moles NH4NO; Obs.** Cale. 





37.8 
37.4 
38.4 
35.8 
36.7 
35.7 
34.0 
33.7 
33.5 
34.7 
32.4 
30.4 
31.4 


ok 


NARAA= oem 
Seowoucnw 


PRRDOPBODRSAO 
NDS Ow Ue mw Ne Ne 


NNN eR 
| * GU me 
ASCoe 


Thode 
Urey and Aten 


0.385 1.023 +0.004 1.023 
0.414 1.020 +0.004 1.022 
0.446 1.017 +0.004 1.021 
0.507 1.026 +0.003 1.019 
0.550 1.026 +0.005 1.018 
0.596 1.015 +0.002 1.017 
0.599 J 005 1.017 
0.615 : 005 1.016 
0.633 J J 1.016 
0.639 é J 1.015 
0.693 d 00; 1.014 
0.725 d 1.013 
0.737 1.013 


0.058 1.031 +0.003 1.032 +0.001 
1.000 1.006 1,005 —0.001 








* This equilibrium mixture contained 0.195 moles of NH4NOs, 0.578 moles of H2O, and 0.012 moles of NH3. The NH: was introduced by the 
addition of 0.012 moles of NaOH to the NH4NO; solution in an evacuated 100 cc flask. 
** The +0.004, etc., give the spectrometer precision (or, in some cases, an estimate of the accuracy of the spectrometer analyses). 


this manner the vapor was forced into sample 
bulb D. The stopcocks were then turned so that 
another vapor sample was taken. This sample 
was also forced into the sample bulb. This 
procedure was continued until a vapor sample 
of about 200 cc at one atmosphere pressure was 
obtained. Air was then admitted into the vapor 
space via stopcock 3, and a liquid sample taken 
through the syphon by opening stopcocks 4 
and 5. The liquid sample was taken directly 
into a 100 cc volumetric flask, joint E being a 
male ground glass joint fitting all standard 
100 cc volumetric flasks. Since the volumetric 
flasks used had been calibrated, the density of 
the solution was obtained quite easily. After the 
density was determined, several aliquots of solu- 
tion were removed from the volumetric flask 
and analyzed by titration for free ammonia. 
Knowing the composition of the stock solution, 
only this analysis was necessary to permit calcu- 
lation of the composition of all components in 
the final solution. In some cases these calculated 
values were checked by a Kjeldahl analysis for 
total ammonia and a Karl Fischer analysis for 
water. Incidentally, the stock solutions were 
analyzed by means of the Kjeldahl method for 
the ammonium nitrate content and usually also 
for the water content by means of the Karl 
Fischer reagent. The analytical methods are dis- 
cussed later in this paper. 

Another aliquot of the final solution was then 
taken from the volumetric flask and all of the 
ammonia liberated. This ammonia was converted 


to nitrogen by circulating over hot copper oxide. 
The vapor sample was then frozen down with 
liquid nitrogen and any air present was removed 
by pumping. Actually very little air was found 
in these samples. In one case in which a large 
amount of air was present, the sample was 
rejected. After pumping, if any was necessary, 
the vapor sample was admitted into the con- 
version apparatus and oxidized to nitrogen. 
Thus, for any one equilibration experiment there 
were two nitrogen gas samples, one correspond- 
ing to the vapor phase and one to the liquid 
phase. During the conversions, precautions were 
taken to minimize errors that might arise from 
either dilution or fractionation. 

The nitrogen gas samples were analyzed on a 
Nier mass spectrometer. The vapor phase sample 
was compared with the corresponding liquid 
phase sample. First, the isotopic ratio of one 
sample was obtained by measuring galvanometer 
deflections caused by the (N“N")* and (N4N!5)+ 
ion beams. This was then done for the second 
sample and then again for the first. This pro- 
cedure was followed two or more times, giving 
a number of isotopic ratios obtained alternately 


TABLE III. Composition of stock solution. 








Weight percent 
Os; H:20 


Solution 
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for the corresponding vapor and liquid samples. 
The fractionation factor, a, was obtained di- 
rectly from these ratios. Thus for experiment 
No. 20, the following analyses were obtained: 





Mass 28 intensity Reaper 
No. of R« =o 
Sample readings Mass 29 intensity Ristation 
Vapor 12 1.136 
1.023 
Solution 9 1.111 
1.027 
Vapor 10 1.141 
1.030 
Solution 9 1.108 
1.024 
Vapor 11 1.135 
"1.014 
Solution 9 1.119 
1.021 
Vapor 9 1.142 


average 1.023+0.004 


It is obvious that the use of different shunts 
for the 28 and 29 mass peaks did not introduce 
any error into a. In analyzing samples from 
experiments 12 to 22 (Table II), the background 
contributed about 2 percent to the intensities 
of the 28 and 29 peaks. This introduced a 
negligible error in a because of the cancellation 
of errors in taking a ratio of ratios. The back- 
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Fic. 3. Apparatus for the determination of the densities and 
vapor pressures of solutions of ammonia in water. 


ground was slightly worse for the analyses of 
the samples from experiments 3, 5, 6, 9, and 10 
(Table Il). Samples 3 and 5 were analyzed by 
comparing the intensity of the mass 14 and 15 
peaks as well as the 28 and 29 peaks. The agree- 
ment was just within experimental error. In 
every case the gas samples were analyzed quali- 
tatively for significant quantities of oxygen. 
None was found. 

The experimental results are summarized in 
Table II. 

The first column indicates the stock solution 
used. The compositions of the stock solutions 
are given in Table III. 

The second column gives the experiment num- 
ber and the third, fourth, and fifth show the 
composition of the final solution. The sixth 
column gives the fraction of the total nitrogen 
(NH3+NH,*) in solution that is present in the 
form of ammonia. This corresponds to M in 
Eq. (6). The next column lists the observed 
fractionation factors. These are plotted as a 
function of M in Fig. 2. Applying Eq. (6), 


= M(K.—-K;)+ Ki, 


to the data and solving for K, and K2—K, by 
means of the method of least squares, the 
equation 


a= —0.029M+ 1.034 (7) 


is obtained as representing the experimental data. 
Column 8 gives the values for @ as calculated 
from this equation. The differences between the 
observed and calculated values for a are given 
in the last column. These differences indicate a 
random scattering. 

The data in Table II and Fig. 2 include the 
value for a as observed by Thode e¢ al.”* for a 
solution with M=0.058. The equilibrium mix- 
ture contained 0.195 moles of ammonium nitrate, 
0.578 moles of water, and 0.012 moles of ammonia. 
The latter was introduced by the addition of 0.012 
moles of sodium hydroxide to the ammonium 
nitrate solution in an evacuated 100 cc flask. 
After 24 hours at 25°C, a sample was obtained 
by the rapid turning of a stopcock. The table 
and figure also include the value for the frac- 


8 H. G. Thode (private communication, May 16, 1945). 
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TABLE IV. Vapor pressures and densities of ammoniacal solutions of ammonium nitrate. 








Total 
pressure 
of sol’n 

Density 
Exp. No. g/cc 


1.2748 
1.2107 
1.2044 
1.1367 
1.1151 
1.0692 
1.0434 
1.0335 


Solution 
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tionation factor for the exchange reaction 


N“H;(sol) +N!5H3(gas)<s 
N!5H;(sol) + N“4H;(gas) 


as observed by Urey and Aten.** By comparing 
Eqs. (6) and (7), one obtains the equilibrium con- 
stants for the two ammonia exchange reactions 


N“H,*(sol) + N'5H3(gas)> 
N'5H,*(sol) +N“H;(gas) 


NH;(sol) + N45H3(gas)<> 
NH;(sol) + N“H;(gas) 


K,=1.034 


K.=1.005. 


DENSITIES AND VAPOR PRESSURES OF THE 
AMMONIACAL SOLUTIONS 


In addition to fractionation factors, the densi- 
ties and vapor pressures at 25°C of various solu- 
tions containing both ammonium nitrate and 
ammonia were obtained. The apparatus used for 
these experiments is shown in Fig. 3. As in the 
determination of the fractionation factor, an 
appropriate amount of stock solution was placed 
into vessel F and saturated with ammonia gas. 
The saturation pressure was fixed by adjustment 
of the mercury barostat and measured on the mer- 
cury manometer. After saturation with ammonia, 
the liquid level was well above the top of the 
syphon. As in the case of the fractionation ex- 
periments, after saturation was attained, the 


entire system was evacuated for a few moments 
and then a little ammonia was added to adjust 
the pressure to the desired value. This evacuation 
was necessary because tank ammonia was found 
to contain some inert gases. 

The density of the solution was determined 
using a calibrated 100 ¢c volumetric flask. The 
saturated solutions were also analyzed for their 
composition. In all cases the free ammonia was 
determined directly by adding excess standard- 
ized hydrochloric acid from a weight-burette to 














DENSITY AT 25°C (G/CC) 


DENSITY OF 
NHgNOy SOLUTIONS 
% NHgNOs aiING/CC 
$65 i274 
59.) 12748 
$92 12740 
$96 12748 
| @ THIS RESEARCH 
| °o i1cT 











50 60 
WEIGHT PER CENT NHgNOs 


Fic. 4. 





446 KIRSHENBAUM, 








IDENSITY OF AMMONIACAL SOLUTIONS 

@ 59.6% NH4gNO3IN STOCK 
SOLUTION THIS RESEARCH 

© 59.3% NHgNOsIN STOCK 
SOLUTION THIS RESEARCH 

® O% NHgNOs (1.C.T. VOL. 3) 

@ 0% NHgNOs (THIS RESEARCH) 














WEIGHT PER CENT NH3y!IN SOLUTION 

















} 
1.080 1.160" 
DENSITY AT 25°C (G/CC) 





1,000 
Fic. 5. 


a weighed aliquot of the solution and then back- 
titrating with standard sodium hydroxide solu- 
tion using methyl red as indicator. Since the 
composition of the stock solution was known, 
this one analysis permitted calculation of the 
composition of the final solution. In a number of 
experiments, the calculation was checked by a di- 
rect determination of the amounts of ammonium 
nitrate and water in the solution. The agreement 
was very good. 

The ammonium nitrate content was found by 
determining the total amount of ammonia in 
solution by means of a modified Kjeldahl analysis 
similar to that described by Rieman, Neuss, and 
Naiman.® The difference between the total 
ammonia and free ammonia content of the solu- 
tion permitted calculation of the weight percent 
of ammonium nitrate. The water content of the 
solutions was determined by a Karl Fischer 
titration. A 2 gram sample of the solution to be 
analyzed was diluted to 100 cc with dry dioxane. 
After mixing well, a 2-10 cc aliquot was titrated 
with the Karl Fischer reagent. 

The experimental data are summarized in 

9W. Rieman, J. D. Neuss, and B. Naiman, Quantitative 


Analysis (McGraw-Hill Book Company, Inc., New York, 
1942). 
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Table IV and Figs. 4-6. The headings on the 
various columns of the table are self-explanatory. 
The accuracy of the method used in this work 
was checked by two experiments using only 
ammonia and water. The agreement with the 
values in the literature may be seen from the 
data in Figs. 5 and 6 and Table V. This agree- 


TABLE V. Vapor pressures and densities of ammonia and 
water solutions. 








Total vapor pressure 
mm Hg at 25°C 
Perman, 
J. Chem. 
Density g/cc 5 
[.1. Vas 


0.9611 0.962 112 103 
0.8969 — 540 


Weight % 
NHs3 Observed 


Soc. 83, 
Observed 1168 (1903) 





8.46 
27.31 








ment is within the experimental errors involved 
in this research and in the work in the literature. 
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The Rate of Adsorption of Phosgene and Chloropicrin on Charcoal 
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Making use of a relationship between the adsorption rate constant and the maximum slope 
of the effluent concentration-time curves derived from the rate equation of Bohart and Adams, 
it has been possible to estimate an absolute rate of adsorption of phosgene and chloropicrin on 
charcoal from the experimental data of Dole and Klotz. It is shown that diffusion to the most 
accessible part of the charcoal surface will occur faster than the observed rate, but more slowly 
to the least accessible surface areas, Calculated rates of adsorption using the statistical equa- 
tions of Glasstone, Laidler, and Eyring and of Temkin are also of the correct order of magnitude 
when plausible assumptions are made concerning the nature of the activated state. It is con- 
cluded that both diffusion and surface reaction mechanisms must be postulated to gain a com- 
plete understanding of the adsorption rate of the two gases, but with diffusion being less im- 


portant in the case of phosgene. 





INTRODUCTION 


ELIABLE data for the rate of adsorption of 

gases on surfaces of known area have in the 
past been extremely scanty, but with the de- 
velopment of improved methods of obtaining 
significant information concerning the surface 
area of adsorbents and catalysts more rate data 
should become available. Because of extensive 
work done under the auspices of the OSRD on 
activated charcoal it has been possible for us to 
estimate from our data and the data of others 
experimental rate values for the adsorption of 
phosgene and chloropicrin. These estimated rates 
come from a study of effluent concentration-time 
curves and are significant to the extent that the 
theory on which the estimates are based is 
significant as explained below. Chemical engi- 
neers have been active and successful in inventing 
empirical functions which describe the data, but 
there has been no attempt, as far as we know, to 
relate these chemical engineering functions to 
absolute reaction rate theories. 

The rates given in this paper refer to the rate 
on charcoal which is in equilibrium with air; 
possibly, the initial displacement of adsorbed air 
molecules by the adsorbate may complicate the 
interpretation of the data as was, indeed, pointed 
out many years ago by Harned.' It would be 
interesting to repeat the measurements of Dole 
and Klotz using helium as the carrier gas. Emmett 


'H. S. Harned, J. Am. Chem. Soc. 42, 372 (1920). 


and Cines? have shown that previous chemisorp- 
tion of hydrogen does not in general reduce the 
adsorption area of nitrogen except for possible 
cases where the chemisorbed gas may block the 
smallest pores of the adsorbent. Perhaps this 
latter phenomenon was present in Harned’s case 
as his charcoal had only about } of the adsorp- 
tive capacity of ours. 


DETERMINATION OF RATE CONSTANT 


In our experimental work*® gas at influent 
concentration ¢o in p.p.m. by volume was passed 
through a granular charcoal bed of length x cm, 
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Fic. 1. Effluent to influent concentration-time curves. 
Curve a: chloropicrin at 7900 p.p.m., 62 liters/hour flow 
rate. Curve b: phosgene at 1760 p.p.m., 62 liters/hour flow 
rate. 


*P. H. Emmett and M. Cines, J. Am. Chem. Soc. 68, 
2535 (1946). 

3M. Dole and I. M. Klotz, Ind. Eng. Chem. 38, 1289 
(1946); I. M. Klotz and M. Dole, Ind. Eng. Chem. Anal. 
Edition 18, 741 (1946). 
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of cross-sectional area A squared cm, at a flow 
rate L cc per sec., at 25°C, and under conditions 
such that the effluent concentration c could be 
measured at minute intervals. This effluent con- 
centration which is a function of time, flow rate, 
initial concentration, length and area of bed, 
mesh size of charcoal, and temperature is illus- 
trated in the case of two typical experiments on 
chloropicrin and phosgene in Fig. 1 where c/co, 
the ratio of effluent to influent concentration, is 
plotted as a function of time. For a tabulation of 
the more important data used in our calculations, 
see Appendix. 

Bohart and Adams‘ have developed an adsorp- 
tion rate theory assuming that the rate of ad- 
sorption, 0n/dt, is proportional to the instantane- 
ous concentration, c, (in this case of the gas in 
contact with the charcoal) and to the available 
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Fic. 2. Test of the Bohart-Adams adsorption rate equation. 
Curve a: chlorpicrin. Curve 6: phosgene. 


4G. S. Bohart and E. Q. Adams, J. Am. Chem. Soc. 42, 
523 (1920). For a review of adsorption rate theories see the 
paper by I. M. Klotz, Chem. Rev. 39, 241 (1946), and 
S. Brunauer, The Adsorption of Gases and Vapors (Princeton 
University Press, Princeton, New Jersey, 1943), Chap- 
ter XIII. 


free surface of the charcoal, m»—n, or 
| dn/dt=k-c(no—n). (1a) 


In our calculations m will be given in units of 
number of adsorbing sites which are occupied per 
sq. cm, (when m is used in connection with 
Eq. (1b) or (2) it should be expressed in units of 
no. per cc) ¢ in sec., ¢ in molecules per cc, m 
represents the total number of adsorbing sites per 
sq. cm, occupied or unoccupied. Related to (1a) 
is the equation 


dc/dx = —(k/u)c(no—n), (1b) 


which expresses the rate of change of concentra- 
tion with distance. 

On integration the following equation is 
obtained :5 


Inf (co/c) —1]=In[exp[Rmo(x/u) ]—1]—Reot, (2) 


where u, in cm per sec., when given by L/A is the 
linear velocity: of the gas-air stream in the 
adsorbent tube when empty. For the actual lirear 
velocity between granules, L/A must be divided 
by the fraction of void space in the charcoal bed. 
For constant velocity of flow and constant input 
concentration, the effluent concentration, ©, 
should be the following function of the time: 


log[ (co/c) —1_]=con — (Reot /2.303). (3) 


Thus a plot of log[co/c—1] against the time 
should give a straight line if this formulation is 
correct. In Fig. 2 we have plotted the data of 
Fig. 1 for both phosgene and chloropicrin ac- 
cording to the relationship expressed by Eq. (3). 
The phosgene data agree with Eq. (3) somewhat 
better than do the chloropicrin data. 

Differentiating Eq. (2) with respect to time we 
obtain 


0(c/co) /dt =k[L.c — (c?/cp) ]. (4) 


At the moment when c/co=0.5, the rate of rise of 
effluent concentration with time is a maximum; 
thus, at this point there should be an inflection 
point in the curve with slope given according to 
the theory by the equation 


[ A(c/co) /Ot ]e/eo =0.5 = keo/4 = Smax. (5) 


+ A similar treatment has recently been given by Danby, 
Davoud, Everett, Hinshelwood, and Lodge, J. Chem. Soc. 
918 (1946). 
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In Fig. 3 a number of observed maximum slopes 
of the c/co—t curves, Smax, are plotted as a 
function of the influent concentration. A linear 
relation, extrapolating to the origin in accordance 
with the theory, is observed. 

However, the situation is complicated by the 
influence of flow rate on Smax in contradiction to 
Eq. (5), particularly in the case of chloropicrin. 
Variation in particle size will also probably pro- 
duce a slight change in Snax, although we have no 
data to test this point. Figure 4 illustrates the 
variation of Smax with flow rate. Unfortunately 
the OSRD sponsored research did not include a 
comprehensive study of the variation of Smax 
with particle size and flow rate, but the data of 
Fig. 4 show that the phosgene Smax values are 
affected only slightly by the change of flow rate, 
but the chloropicrin S;.x data somewhat more so. 
As a first approximation we shall assume that the 
slopes of the straight lines of Fig. 3 correctly give 
the value of k/4 for the two gases; at any par- 
ticular concentration, then, k can be calculated 
from the equation 


k =4Snax/Co. (6) 


The rate constant, k, can be estimated also 
from the slopes of the curves of Fig. 2; when so 
determined there is fairly good agreement with 
the value of k given by the method used here in 
the case of phosgene, whose data follow the 
integrated Eq. (3) relationship much better than 
do the chloropicrin data. The rate constant for 
this latter gas may vary as much as 75 percent 
depending on which part of the curve of Fig. 2 is 
used in computing the slope. However, we have 
not used the slopes of the curves of Fig. 2 for 
either chloropicrin or phosgene in calculating k 
because the slopes so determined do not vary as 
nearly linearly with the concentration, and do 
not extrapolate as well to zero at zero concen- 
tration as do the points of Fig. 3. For this reason 
we believe that the k values determined from the 
linear curves of Fig. 3 are somewhat more 
significant. 

For the calculation of the absolute reaction 
tate from the rate constant of Eq. (6) it is neces- 
sary to know the surface area available for 
adsorption per gram of charcoal. Emmett and co- 
workers® have determined the surface area of the 


——. 


*P. H. Emmett et. al., Private communication. 
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Fic. 3. Test of Eq. (5). 


charcoal we used for nitrogen, chloropicrin, and a 
number of other gases, but not phosgene. For the 
latter we have chosen a reasonable estimate 
which is undoubtedly of the correct order of 
magnitude. Knowing k and mo, the actual abso- 
lute rate, dn/dt can be calculated from Eq. (1) 
for any chosen values of c and mp—n. In Table I 
the maximum rate of adsorption, which would be 
a rate at zero time when c equals co, and mp—n 
equals mo, is tabulated along with other related 
data. Such a rate could only be produced experi- 
mentally at x equal to zero. 


THE ROLE OF DIFFUSION 


Before proceeding to consideration of the in- 
terpretation of the data on the basis of an abso- 
lute reaction rate theory, it is interesting to 
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Fic. 4. Variation of adsorption rate constant with flow 
rate. Circles: chloropicrin. Crosses: phosgene. Abscissa is 
reciprocal of Smax- 








































TABLE I. Adsorption data for chloropicrin and phosgene on 
activated charcoal at 25°C. 











k Maximum rate 

Area of cm? mole- co no of adsorption 
adsorbent cules~! molecules sites molecules 
Gas em? g™! sec.~! em~3 em~? cm ~? sec.~! 
Chloropicrin 1.13107 1.8910" 1.9310" 2.9 X10" 1.0610" 
Phosgene 1.5 X10? 7.62X10-2 4.34x10% 3.42108 1.1310" 








consider the possible role of diffusion as the rate- 
controlling mechanism. For the simplest case of 
diffusion across a plane surface layer of unit area 
and thickness 6, and with a concentration differ- 
ence equal to ¢o, the rate is given by the equation 


v=Deo/5, (7) 


where D is the diffusion coefficient of the gas in 
air. 

To apply Eq. (7) which should be valid for the 
calculation of the maximum rate of adsorption 
because at the first moment of adsorption the 
concentration of gas right at the charcoal surface 
will be effectively zero, we need to know the 
length of path and the area through which diffu- 
sion is taking place. Gamson, Thodos, and 
Hougen’ give a table of effective area of mass 
transfer for particles of different mesh sizes. In 
our case of 12-14 mesh particles having 45 per- 
cent void space (bulk density equal to 0.48), the 
gross surface area of the particles is 792 sq. ft. per 
cubic ft. of volume or 54.1 sq. cm per g. The 
charcoal granule itself contains many pores 
having a distribution of sizes; roughly 45 percent 
by volume of the granule is made up of pores 
whose diameters are not much greater than that 
of the chloropicrin molecule. (The 45 percent 
void space is not to be confused with the 45 
percent volume of small pores in the granule.) 
The diameters of most of these pores are, there- 
fore, much smaller than the mean free path of air 
molecules at atmospheric pressure; hence, each 
small hole in the charcoal should act as a “trap” 
for a chloropicrin molecule. Every chloropicrin 
molecule initially striking one of these holes from 
the flowing air stream should be adsorbed if the 
adsorption process takes place on every collision 
of a chloropicrin molecule with the surface. In 
other words, nearly every chloropicrin molecule 


7B. W. Gamson, G. Thodos, and D. A. Hougen, Trans. 
Am. Inst. Chem. Eng. 39, 1 (1943). 
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striking one of these holes must collide with the 
charcoal surface before it diffuses out of the hole. 

From the kinetic theory of gases or from the 
absolute reaction rate theory of Eyring and co- 
workers, the rate at which molecules strike unit 
area of surface per sec. is given by the following 
equation :8 


v=col_ kT /2xm }. (8) 

For chloropicrin at ¢) = 1.93 X10" molecules/cm! 
v=9.47 X 10° molecules/cm?/sec., 

and for phosgene at ¢) = 4.34 X 10'* molecules /cm' 
v =2.75 X10*° molecules/cm?/sec. 


However, the above calculations refer to the rate 
at which molecules would be striking unit area; 
for an area of 45 percent of 54 cm? per gram, the 
rates become 


2.30 X 10” molecules/gram/sec. for chloropicrin, and 
6.68 X 107 molecules/gram/sec. for phosgene. 


The observed rates are 


1.20 X 10'® molecules/gram/sec. for chloropicrin, and 
1.60 X 10'* molecules/gram/sec. for phosgene 


which is about 2000 times smaller than was 
calculated. Apparently there must be many 
molecules which diffuse out of the holes without 
being adsorbed. 

We shall now consider the rate at which mole- 
cules can diffuse into the granule through the 
pores, but the validity of our calculations will be 
somewhat in doubt because we do not know the 
complete details of the pore structure of the 
charcoal granules or the true diffusion rates in the 
pores. Apparently the pores can be divided 
roughly into two groups; macropores with diame- 
ter of the order of 10~‘ cm and micropores whose 
diameters lie between 10-7 and 10-* cm.® We shall 
assume that the diffusion constants for diffusion 
through the macropores are equal to those for 
diffusion in air, which as determined in this 
laboratory for chloropicrin and phosgene are, re- 
spectively, 0.088 and 0.099 cm?/sec. For diffusion 
in the micropores we make use of the diffusion 


® See S. Glasstone, K. J. Laidler, and H. Eyring, The 
Theory of Rate Processes (McGraw-Hill Book Company, 
New York, 1941), p. 351. 

9 See S. Brunauer, The Adsorption of Gases and Vapors 
(Princeton University Press, Princeton, New Jersey, 1943). 
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constant calculated from the following equation® 
derived for uni-dimensional gaseous diffusion 
through a cylindrical pore, 


D;=3r(8RT/M)}, 


where 7 is the radius of the pore. Surface diffusion 
will not be considered because we are dealing 
with the rate of adsorption at zero time when the 
charcoal is free of adsorbate. The micropore 
diffusion constants as calculated for chloropicrin 
and phosgene are, respectively, 1.1710-* and 
1.52 10-* cm?/sec., for r approximately 10~7 cm. 

The average radius of the charcoal granules of 
12-14 mesh, again taken from Gamson, Thodos, 
and Hougen, is 0.0635 cm. From Eq. (7) we can 
calculate that the rate of diffusion through a 
concentration gradient equal to co, through an 
area of 45 percent of 54 cm? per grams, and along 
a distance of 0.0635 cm is 


v=8.7 X 10"* molecules/gram/sec. for chloropicrin, and 
v=2.57X10"* molecules/gram/sec. for phosgene, 


about 100 times slower than was observed. For 
diffusion through the macropores the calculated 
rate is 


v= 2.02 X 10'8 molecules/gram/sec. for chloropicrin, and 
v=5.11X10"" molecules/gram/sec. for phosgene, 


which is within an order of magnitude of the 
observed rates. For distances of diffusion shorter 
than 0.0635 cm the rate would be faster than that 
observed. 

This calculation suggests that diffusion to the 
most readily accessible areas of the charcoal 
where 6 is much smaller than 0.0635 cm can 
proceed faster through the large pores than the 
observed initial adsorption rate. At later stages 
of the process where the gas has to diffuse 
through small pores to reach unused charcoal 
surface, the diffusion rate would be slower and 
perhaps rate determining. If this is true, the 
asymmetric shape of the effluent concentration- 
time curves and the influence of flow velocity on 
the rate can be at least partially understood. 
However, it should be emphasized that these 
calculations are not sufficiently exact for the 
possibility of a diffusion-controlling mechanism 
to be definitely excluded. Agreement of the data 
with Eq. (3) also does not definitely exclude the 
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possibility that the magnitude of the constant k 
is determined by diffusion, but any diffusion 
theory will have to explain the fourfold greater 
value of k for phosgene as compared to chloro- 
picrin which it cannot do if only diffusion through 
air is considered. 

The question naturally arises as to whether 
diffusion from the moving air stream to the gross 
surface of the charcoal is the limiting factor. 
Although this diffusion probably determines in 
large part the “critical bed depth’’ we do not 
believe that it is entirely responsible for the ad- 
sorption rate as given above for the following 
reasons: (a) if diffusion from the moving gas 
stream is determinative, the S;,ax slopes should be 
independent of initial concentration and greatly 
dependent on the flow rate!® whereas the reverse 
is true; (b) the rate constants, k, for chloropicrin 
and phosgene should be nearly equal because of 
their nearly equal diffusion coefficients, but the 
observed rate constant for phosgene is four times 
that for chloropicrin. 

We shall now investigate the extent to which 
the absolute surface reaction rate theory can 
explain the observed values. 


APPLICATION OF THE ABSOLUTE REACTION 
RATE THEORY 


In order to apply the equation derived by 
Laidler, Glasstone, and Eyring,” and Temkin” to 
the interpretation of the reaction rate constants 
it is necessary to know the moments of inertia of 
the chloropicrin and phosgene molecules. In the 
case of chloropicrin we have made use of the 
following bond distances and bond angles: 


C-N 

C-Cl 

N=O e 
Angle Cl—-C—Cl 
Angle O—N-—O 


1.47A 
1.77A 
1.21A 
111° 
127° 


Assuming free rotation about the C—N bond, the 
equations for the separate moments of inertia 


10 This follows from the diffusion theory of C. C. Furnas, 
Trans. Am. Inst. Chem. Eng. 24, 1942 (1930). 

1K, J. Laidler, S. Glasstone, and H. Eyring, J. Chem. 
Phys. 8, 659 (1940) ; The Theory of Rate Processes (McGraw- 
Hill Book Company, New York, 1941), Chapt. VII. 

2 oy Temkin, Acta Physicochim. U.R.S.S. 8, 141 
1938). 
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have been set up as follows: 


127°? 
I= 2mo( r-0 sin 2 ) 


sin(111°/2)\? 

+3mei(ro-c-———— 
sin60° 

= 5.64 10-* ¢ cm’, 


1,=1,=3me 


sin(111°/2)\2\272 (9) 
| +10-0i( 1- (——— ) ) 
sin60° 
ed 
sin60° 
+mer,?+my[ro-n —1z ]? 
+.2mo[rc_n —1’2+?n—o cos(127°/2) }° 
+mo[?x—o sin(127°/2) }?, 


+m ro-c 


where 
’,= ms ‘¥o-n +2mo(rco_n+?rno cos(127/2)) 


—3mci‘?o-c1 


sin(111°/2)\?2\3 
x(1-(——_) ) | / mcr: 
sin60° 


=0.16A. (10) 


Hence, J,=J,=5.92 X10-*8 g cm’. (If free rota- 
tion is not assumed, J,#J,, but the product I,J, 
remains unchanged, which is all that concerns us 
here). The simpler calculations of the moments of 
inertia of phosgene yielded the results 


I,=A=1.81 X10-* g cm’, 
I, =B=1.72 X10, 
I,=A+B=€=3.53 X10. 


As we shall assume that the vibrational parti- 
tion function ratio in the free and adsorbed states 
is unity, we do not need to consider vibration 
frequencies. 

The general equation for the rate of adsorption 
is, in the symbolism of Glasstone, Laidler, and 
Eyring 

kT ft 


V=Cy° aS rae x0 -] (11) 
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where ¢, is the gas concentration in molecules per 
cc, c, the number of adsorbing points per sq. cm., 
f, the partition function of the activated complex 
(with the contribution of the degree of trans- 
lational freedom normal to the adsorbing surface 
factored out), F, the partition function per unit 
volume of the gas undergoing adsorption, f, the 
partition function of the adsorbing centers (taken 
as unity) and e¢ is the activation energy for 
adsorption per molecule at the absolute zero. The 
maximum rate of adsorption given by Eq. (1) 
when the concentration is equal to the influent 
concentration and the surface is bare can be ex- 
pressed by the equation 

V=R-Cy°Cs. (12) 
Combining Eqs. (11) and (12) 


LET fi 


— —¢e- e/kT 


h F, 


(13) 


Remembering that k can be calculated from 
Eq. (6) without a knowledge of mo, it is seen that 
the absolute theory of reaction rates can be 
tested without knowing either the surface area of 
the adsorbent or the number of adsorbing centers 
per sq. cm. Only the validity of Eq. (6) is 
required. 

In applying Eq. (13) three cases have been 
tested ; first, the case in which the adsorbate loses 
its translational degrees of freedom in the acti- 
vated complex (except in the direction required 
for adsorption); second, the adsorbate loses its 
translational and two of its rotational degrees of 
freedom; and third, the adsorbate becomes com- 
pletely immobile losing all translational and 
rotational degrees of freedom. Equations for k 
based on these assumptions are as follows:” 


Case 1. 
k=(h?/(2m)'(kT)!] exp[ — (¢/kT) J. 
Case 2. 
k =(a/o;) 
X[h*/8x2(BC)!(2emkT)*] exp[ — e/kT]. 


(14) 


(15) 


‘8 The equation given for the rate of a heterogeneous 
unimolecular first-order reaction involving a nonlinear 
polyatomic molecule by Glasstone, Laidler, and Eyring, 
reference 11, should be divided by a factor (k7T)}. 
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Case 3. 
b= (o/o3)[I/(2xm)!8x*(8x°A BC)\(T)*] 
Xexpl—e/kT]. (16) 


In Table II valuesof 2 calculated from (14)—(16), 
assuming zero activation energy, are given along 
with ratios of k for the two gases and other 
pertinent data. 

Before coming to any conclusions as to the 
validity of the theory, it is important to consider 
the effect of activation energy and change of 
temperature on the rate constants. By inspection 
of Eqs. (14)-(16) it can be seen that if the 
activation energy is really zero, the rate constants 
should decrease with rise of temperature; if there 
is no temperature dependence of the rate con- 
stant, it may be because the increase of the factor 
expl —¢€/kT] with increase of the temperature 
has balanced the decrease of the terms (k7)-+, 
(kT), or (kT)~ over the temperature interval 
from 0 to 25°C. 

Unfortunately only one rate experiment was 
carried out at 0°C from which the activation 
energy could be calculated ; hence, the exact value 
of the rate constant at 0°C given in Table II is 
uncertain. We believe that the change in k over 
the 25°C temperature interval would be no 
greater than that indicated in Table II. 

If allowance is made for the variation in k be- 
cause of the kT factors of Eqs. (14), (15), and 
(16), the values of E necessary to explain the 
observed change in k with temperature, given in 
the last column of Table II, are obtained; re- 
calculating the rate constants by Eqs. (14), (15), 
and (16) by use of these values of the activation 
energy, the values given in the next to the last 
column result. 

Whether an activation energy exists or not, it 
is obvious that the absolute reaction rate theory 
can reproduce the observed data depending on 
the assumptions as to the status of the adsorbed 
chloropicrin and phosgene molecules in the 
activated state. 


CONCLUSIONS 


In conclusion we believe that our calculations 
demonstrate that both the diffusion and surface 
teaction mechanisms of adsorption are involved 
in the actual adsorption process. As explained in 
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TABLE II. Comparison of experimental and _ theoretical 
adsorption rate constants. 








k, chloro- 
picrin 
temp. 

corrected 


Chloropicrin Phosgene 


(k in cm’ sec“! at 25°C) _—— Ratio 





k, obs. 25° 
k, obs. 0° 

k, Eq. (14) 
k, Eq. (15) 
k, Eq. (16) 


7.62 X10" 4.03 


6.52 X10-5 = 2.13 
3.57 X1078 = 5,10 
5.51 X10-2° 9.05 








the previous paper of Dole and Klotz the diffusion 
theory alone is inadequate because (1) the critical 
bed depths do not extrapolate to zero for zero 
particle diameter, (2) the maximum slope of the 
effluent concentration-time curve is so strongly 
dependent upon the concentration, and (3) the 
rate constant for phosgene is four times as great 
as that for chloropicrin, although the diffusion 
constant of phosgene is only slightly greater than 
that of chloropicrin. It should be noted that we 
have not postulated any condensed surface film 
of gas through which diffusion at a slower rate 
must take place; however, the influence of flow 
velocity on the rate is to be considered as an 
increase of net rate of transfer of gas to the 
charcoal surface with increased flow velocity. 

The difficulty of expressing the rate of adsorp- 
tion by a single equation undoubtedly stems 
from the mixture of mechanisms entering into 
the adsorption process. 

Danby, Davoud, Everett, Hinshelwood, and 
Lodge’ have recently carried out an experimental 
and theoretical analysis of adsorption rates 
similar to that of Dole and Klotz. They believe 
that the adsorption of chloropicrin is diffusion 
controlled because their adsorption rate con- 
stants are proportional to the square root of the 
flow rate, and inversely proportional to the 
square root of the molecular weight (the latter 
because of an assumed proportionality between 
the diffusion constant and the square root of the 
molecular weight). These relationships are not 
verified in our work and, in fact, the diffusion 
coefficients of gases in air do not follow the square 
root of molecular-weight law. Unfortunately we 
did not study effluent concentration-time curves 
as a function of particle size, hence we cannot 
comment on their suggestion that mo is a de- 
creasing linear function of the particle diameter. 
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Phosgene, (Bed depth, 5.0 cm, bed diameter 1.4 cm, and temp. 25°C 
} APPENDIX except when otherwise stated.) 
Matcotm Dove Anp I. M. Kotz laa mens 
Exp. 4, co, 1800 p.p.m. 
- - Exp. 1, co, 1790 p.p.m. Flow rate, 62 liters/hour. 
Experimental Data from Which Figs. 1, 2; and 3 Flow rate, 62 liters/hour Bed depth, 10.0 cm 
Time Time 
Were Constructed" i ‘iin ae cies 
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The Study of Reaction Intermediates by Means of a Mass Spectrometer 


Part I. Apparatus and Method 


G. C. ELTENTON 
Shell Development Company, Emeryville, California 
(Received April 7, 1947) 


A method for coupling a reaction chamber to a Dempster-type mass spectrometer in such 
a manner that short lived intermediates can reach the electron beam is described. The presence 
of radicals is denoted by an increase in the ion current of the corresponding mass. The sensitivity 
of the method depends on the difference between the appearance potential of the given ion 
produced by electron bombardment of either reactants or end products and the ionization 
potential of the free radical. It is shown experimentally that excited molecules are not present 
in sufficient quantity to invalidate the assumption that free radicals are responsible for the 
changes in ion current. The method has already extended more than tenfold the pressure 
range in which radicals are detectable, thus bridging the gap between mirror and spectroscopic 
methods so that low pressure combustion phenomena may be studied. 


INTRODUCTION 


HE investigation reported in this communi- 

cation was undertaken 
primarily to study the possibilities of a new 
approach to the experimental study of reaction 
kinetics. 

The Paneth mirror method of detecting tran- 
sient intermediates has yielded valuable data but 
is unfortunately restricted to low pressures and 
essentially oxygen-free reactions. Spectroscopic 
methods have been developed for such radicals 
as OH, CH, and SO, but they cannot be a com- 
plete solution so long as the spectral complexities 
of such simple radicals as CH; remain unsolved. 
Moreover, because of the absorption by oxygen 
in the Schumann region, the application to 
combustion studies is again limited. 

It was not anticipated that a mass spectro- 
metric method would be free from difficulties of 
its own. Nevertheless, it was thought that the 
uniqueness with which, in some cases, a measure 
of mass is a guide to radical identity and adapta- 
bility to higher pressures and oxygen-containing 
atmospheres, warranted a careful survey. One 
additional advantage which might compensate 
for the complexity of the method lies in the fact 
that direct continuous measurements can be 
made of changing concentrations, thus avoiding 
the necessity and uncertainties of renewing 
mirrors or photographic plates for each param- 
‘ter change. No attempt has been made in this 
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investigation to study any one particular reac- 
tion exhaustively, since it was realized: that the 
apparatus as originally constructed would serve 
to explore only semiquantitatively a limited 
range of applications, and that as a result of 
accumulating experience a more accurate and 
universal apparatus might be designed. 


PRINCIPLE OF THE METHOD 


If a molecule, X Y, is bombarded by electrons 
of energy, E, it will ionize and dissociate with a 
certain probability when E> A(X+) where A(X*) 
is the appearance potential for the ion X*+ formed 
by electron bombardment of the parent mole- 
cule X Y. If, however, atoms or radicals X are 
already present as a consequence of thermal or 
chemical dissociation of the parent molecule, 
then an energy E>J(X*) will be effective in 
producing ions X*, where J(X7*) is the ionization 
potential of the free radical or atom X. Since 
I(X*) <A(X*) by an amount which depends on 
the dissociation energy of the parent molecule 
and the kinetic energies of the separating frag- 
ments, it should be possible to select for each 
radical a value of the electron bombarding 
energy which is sufficient to ionize the radical 
but insufficient to ionize and dissociate the 
parent molecule. In this way a _ positive-ion 
current of a given mass in a mass spectrometer 
becomes a measure of the concentration of a 
given free radical. 

In order to ensure that radicals produced by 
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Fic. 1. Low pressure quartz reactor R.1 attached to 
ionization chamber of mass spectrometer. Ground joint J, 
water-cooled jacket W, quartz double-walled tube Q, 
diaphragm D, ion-collimating slits S; and S2, pumping 
leads P,, Po, P3, and P,. 


chemical reaction in a reactor adjacent to the 
ionization chamber shall reach the latter, it is 
necessary to provide a practically collision-free 
path. The ordinary means of sample extraction 
by capillary are clearly useless, and resort has 
to be made to thin diaphragms separating the 
reactor from the ionization chamber. With a 
pumping speed of about 7 I/sec. at the dia- 
phragm, it has been found possible to maintain 
a pressure of ca. 100 mm in the reactor and a 
vacuum of ca. 10-* mm in the ionization chamber. 


APPARATUS 
Mass Spectrometer 


In the exploratory work described here, a 
simple Dempster 180° type mass spectrometer 
was used. The radius of curvature of the ions 
was 3.5 cm, and the magnetic field was stabilized 
by batteries and ballast tubes. Entrance slits of 
0.2 and 0.3 mm by 6 mm were used at various 
times, and these were mounted in soft iron 
eccentrics for vertical and lateral adjustment. 
The whole ionization chamber was enclosed in a 


soft iron shield to minimize the effect of stray 
field on the low velocity electron beam. It is 
essential that the source of electrons be separated 
from the ionization chamber in order to avoid 
competition between radicals produced in the 
furnace and those produced at the hot emitter. 
A number of different types of electron gun 
were tried, but in spite of the apparent advan- 
tages of the acceleration-retardation type em- 
ploying two or more anodes, a simple platinum 
cone directed towards the emitter was found to 
be more satisfactory. For the lower paraffins an 
indirectly heated oxide emitter possesses the 
advantages of low temperature, low velocity 
spread, and high emission. However, such emit- 
ters rapidly become poisoned by organo-metallic 
compounds and higher hydrocarbons. In such 
cases it was necessary to use bare tungsten fila- 
ments coiled into a flat spiral and backed by a 
platinum cup attached to the negative end of 
the filament. 

The ionization and collimating chambers were 
evacuated by two four-stage oil diffusion pumps 
of 25 1/sec. capacity, while the filament and 
analyzing chambers were evacuated by two 
single-stage air-cooled oil diffusion pumps (1.5 
1/sec.) backed by a low vacuum diffusion pump 
of similar design. Octoil was used throughout, 
and a single Megavac exhausted the fore-vacuum 
manifold for all five diffusion pumps. 

A Western Electric D-96475 tube in a stabilized 
DuBridge circuit with a Leeds and Northrup 
galvanometer of 10-'° amp./mm sensitivity was 
used to record the ion currents. The galvanometer 
deflections were registered by a photo-pen re- 
corder! to which were geared potentiometers for 
varying either the electron or ion accelerating 
potentials. These potentiometers were additional 
to the usual manual controls and were of value 
in checking sensitivity and resolving power 
automatically. When using the instrument for 
studying changes of radical concentration with 
temperature, all electrical parameters were main- 
tained constant and the abscissa of the photo-pen 
recorder then represented a time base. 

The over-all sensitivity was controlled from 
the main panel by solenoid switches inside an 
evacuated and shielded housing surrounding the 


1D. J. Pompeo and C. J. Penther, Rev. Sci. Inst. 13, 
218 (1942). 
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D-96475 tube. These solenoid switches were de- 
signed with two positions of mechanical stability 
so that only a momentary application of current 
in one direction or the other was required in 
order to cut in or out a range of grid leak resistors 
from 10° to 10" ohms. 

One of the main experimental difficulties en- 
countered throughout was occasioned by changes 
in sensitivity resulting from polarizing layers in 
the ionization chamber. Since the all-metal con- 
struction did not lend itself to thermal out- 
gassing, an additional filament was used in the 
earlier stages as a source of intense electron 
bombardment. It was later found that coating 
the inside of the ionization chamber with Aquadag 
gave greater reproducibility and higher sensi- 
tivity. 


The Reactor 


Three main types of reactor have been used. 
Fow low reaction pressures (up to ca. 4 mm) it 
is not essential, although quite desirable, that 
the temperature at the place of exit of the gas 
sample be the same as that of the furnace. At 
higher pressures this condition must be met in 
order to approximate to the ideal of infinitely 
rapid expansion and freezing of the sample 
between the place of origin (reactor) and the 
place of analysis (ionization chamber). 

The low pressure reactor, R.1, attached to the 
mass spectrometer at a ground joint, J, is 
illustrated in Fig. 1. The reactor consists of a 
water-cooled jacket, W, the inner wall of which 
is a stainless steel tube threaded at the lower 
end to receive the diaphragm holder. 

The furnace consists of a double-walled quartz 
tube, Q, down the center of which the reactants 
enter. A platinum heating spiral with quartz 
dust insulation and a thermocouple (not shown) 
occupy the space between the quartz walls at 
the lower end. The main bulk of the reactants 
and products, after passing through the hot zone, 
are deflected upwards along the inner walls of 
the cooler to the exit where they are pumped 
away by mercury diffusion and Megavac pumps. 
Flow speed, pressure, and residence time are 
controlled by suitable valves and measuring 
devices. The size of the diaphragm, D, is selected 
so that a pressure of ca. 0.001 mm can be main- 
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tained in the ionization chamber for the required 
reactor pressure. 

In certain investigations the quartz-tube fur- 
nace was replaced by a grid of five carbon fila- 
ments (Fig. 2) which could be lowered into a 
position just above the diaphragm. This type of 
reactor will be referred to as R.2. Temperatures 
were estimated by means of an optical pyrometer 
focused on the grid through a plane window 
situated on top of the reactor. 

At higher pressures, such as are required for 
the study of unstable or reactive intermediates 
formed during combustion, neither R.1 nor R.2 
are suitable. With an effective pumping speed of 
ca. 7 1/sec. at the diaphragm, it has been possible 
to work at reaction pressures up to 140 mm 
using the reactor, R.3, illustrated in Fig. 3. 
As before, this reactor is attached to the mass 
spectrometer at a joint, J, and consists of a 
water cooler, W, which is essentially a thick 
copper cylinder with vertical interconnecting 
channels milled in the outer surface, over which 
a tightly fitting thin brass sleeve is fitted. The 
water thus follows a number of up and down 
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Fic. 2. Carbon filament 
reactor R.2. This replaces 
the quartz tube Q of Fig. 1. 
The short carbon filaments » @ 
then lie immediately above 
the diaphragm D. 
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zig-zags around the copper surface, and pro- 
vides efficient cooling for the waste gas as well 
as for the vacuum joints. In order to minimize 
pumping resistance and to leave reasonable space 
inside the reactor for the development of chains, 
the reactor is itself the heating element H. The 
furnace was made from a solid bar of 18:8 
stainless steel, accurately bored internally to 3” 
diameter. The outer surface, except at the two 
ends, was then turned on a lathe until the wall 
thickness was approximately 20 mil and, after 
shaping the lower end to preserve a uniform mass 
of metal over any annular section of constant 
radial width, the furnace was heated by passing 
a heavy current through it. The temperature 
profile along the length was measured with a 
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Fic. 3. High pressure reactor R.3. Stainless steel fur- 
nace H, water-cooled jacket W, joints for attachment to 
mass spectrometer J, and to exhaust M, copper conductor 
C, expansion joint S, diaphragm recess D. Enlarged view 
of furnace bottom in insert on right. 
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thermocouple, and metal was removed from those 
parts which were at a low temperature. With 
this design and method of manufacture a furnace 
was obtained which not only preserved a uni- 
form temperature distribution over a consider- 
able distance up from the bottom in which the 
thin diaphragm was fitted, but also exposed a 
minimum of heated surface to the ionization 
chamber. At high reaction pressures the dia- 
phragm hole is of necessity small (<1 mil), and 
the danger of leaks between the reactor and the 
ionization chamber correspondingly great. The 
lower end of -the reactor was screwed into the 
water cooler and sealed with a lead wire gasket 
under high mechanical compression. The dia- 
phragm, usually an 0.8-mil gold disk, was com- 
pressed between gold washers against a recessed 
shoulder in the bottom of the furnace. By using 
Bethlon A (Bethlehem Steel) for the threaded 
compression plug retaining the diaphragm, the 
tendency of the metals to seize at high tempera- 
tures (up to 1000°C) was minimized, and little 
trouble was encountered in changing diaphragms. 
The upper end of the furnace was screwed into 
a thick copper tube, C, which served as one lead 
for the transformer current, the other lead being 
the water cooler. Waste gas passed through eight 
tubular ports in the cylinderical walls near the 
flat bottom and passed to exhaust via the spheri- 
cal ground joint and sylphon M. In order to 
avoid distortion of the thin-walled reactor, the 
upper end of the copper tube, C, was brought 
out through the sylphon, S, which was held in 
neutral equilibrium by spiral springs which 
counteracted the differential pressures between 
the outside and inside of the reactor. The furnace 
was therefore free to expand, and the relative 
motion between the ends of the sylphon, §, 
amplified by a dial gauge, was in fact a con- 
venient indicator of the wall temperature. 

One of the chief difficulties with the steel 
furnace was the tendency of the diaphragm to 
become plugged. This was especially the cast 
during a study of carbon monoxide combustion, 
and some evidence was obtained that this was 
caused by carbonyl formation and subsequent! 
decomposition on the gold diaphragm. This diff 
culty was overcome by fabricating an exact thil 
gold replica of the inside surface of the reactor. 
The replica was obtained as a 0.7-mil electro 
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bardment of one of the reactants, the electron 
voltage was increased until the ion appeared in 
sufficient strength to be focused on the final 
slit by adjustment of the ion accelerating field. 
The ion peak was then extinguished by lowering 
the electron voltage to the appearance potential, 
and the current through the furnace was in- 
creased slowly by means of a Variac in series 
with a low voltage transformer. The temperature 
was followed on a potentiometer and marked off 
along the time base of the photo-pen recorder. 
The photo-pen recorded any increase in the ion 
current occasioned by the formation in the 
reactor of the radical under investigation. 

Rigid tests of the effect on the electrons and 
ions of the alternating magnetic field accom- 
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Fic. 4. Temperature profiles of quartz reactor R.1 and 
steel reactor R.3 in the vicinity of the diaphragm. 
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deposit on a polished copper form. After burnish- 
ing the gold, the copper was dissolved in acid 
and the thin shell inserted, with clearances of 
<1 mil, into the steel furnace. Gold was chosen 
for its low catalytic activity in hydrocarbon 


panying the heavy heating currents (up to 500 
amp. in the case of R.3) failed to reveal any 
measurable influence. The complete axial sym- 
metry of the furnace unit is instrumental in 
achieving this result. 
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PERFORMANCE AND OPERATION 
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By means of a movable Chromel-Alumel ther- 
mocouple, the temperature gradient in the 
vicinity of the diaphragm was taken under 
operating conditions. Typical curves for R.1 and 
R.3 are shown in Fig. 4, with the distance in 
inches above the diaphragm plotted as abscissa. 
It is clear that the particular design of R.3 has 
provided a sensibly zero gradient in the im- 
mediate vicinity of the point of extraction, and 
equilibrium will therefore be maintained. In some 
models of the furnace, R.3, an additional heater 
was placed between the upper surface of the cone 
Jhon, 5, | 1d the lower surface of the bottom. In this 
+ a con-§ ‘ase either negative or positive temperature 
“ gradients could be maintained, but in general 
he steel this refinement was considered unnecessary. 
rragm to} The procedure adopted in detecting reaction 
the cast Products was briefly the following. After suit- 
ibustion, | ble outgassing, the flow of reactants was ad- 
this wa'ff justed until the pressure below the diaphragm a | 
bsequent fF "mained constant at some pressure between MF ELECTRON VOLTS (UNCORRECTED) 
Phis diff: § 10 and 10-* mm. Input and output flow values 
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; Fic. 5. Ionization functions of CH;*+ with R.1 hot and 
xact thin 


> reactor. 
| electro 


were adjusted to give a residence time in the hot 
zone of 10-! to 10- sec. If the particular required 
product was also a product of the electron bom- 


cold, showing that in an ethane stream containing 0.6 
percent Pb(CHs), sufficient radicals are produced to lower 
the normal appearance potential approximately 3 volts. 
Reaction pressure ca. 0.2 mm. 
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Fic. 6. Tracing taken from a photo-pen recording of the 
change of methyl radical concentration with time as the 
temperature of the furnace was increased. Markings along 
the abscissa indicate positions when the thermocouple 
registered integral values on a potentiometer. Time of 
complete record, approximately 10 min. Mixture, C2He 
+0.6 percent Pb(CH;),4 at 0.15 mm pressure. 


THE VALIDITY OF UNDERLYING ASSUMPTIONS 


In Fig. 5 the low potential ionization functions 
corresponding to the two processes 


C,H,+é@—-CH;++CH;4+2e (1) 
and 


CH;+é—-CH;++2e (2) 


are reproduced. These were obtained in a mixture 
C.H_.+0.006 Pb(CH3), in reactor R.1 at a 
reaction pressure of ca. 0.2 mm. With the furnace 
at room temperature, process (1) is the only 
source of CH;* ions, but at 685°C, the tempera- 
ture at which curve (2) was taken, there is 
clearly a source of CH;* ions requiring a lower 
energy for ionization. It is reasonable to assume 
that this new source is the CH; radical produced 
by thermal dissociation of the lead tetramethyl. 
At still higher temperatures (ca. 800°C) it is 
unnecessary to add the lead alkyl, and a curve 
similar to (2) is obtained by thermal dissociation 
of the pure ethane. 

The curves of Fig. 5 were taken considerably 
prior to the publication by J. A. Hipple and D. 
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P. Stevenson? of a paper in which a study was 
made of the ionization potential of CH; radicals 
produced by thermal dissociation of lead tetra- 
methyl at low pressure (10-> mm) in the ioniza- 
tion chamber of a mass spectrometer. Our value 
of 11.3 volts for the ionization potential of CH; 
taken from curve (2) agrees with that found by 
R. G. T. Fraser and T. N. Jewitt? but is about 
one volt higher than that found by Hipple and 
Stevenson. Since we were primarily interested 
in the maximum electron potential which could 
be applied without dissociating the parent mole- 
cule electronically, the causes for the discrepancy 
have not been sought. The low concentration of 
radicals compared with the carrier gas is un- 
doubtedly a factor in our experiments which 
would decrease the apparent difference between 
A(CH3;*) and I(CH3"*). 

Figure 6 is a photo-reproduction of an actual 
record taken of the thermal decomposition of the 
same mixture as used for Fig. 5, but with the 
electron acceleration, Z, held constant just below 
the appearance potential, and the temperature 
increased manually. The temperatures marked 
off along the horizontal time base are those of 
the uncorrected furnace thermocouple. The de- 
tails of this and similar curves obtained with 
different carrier gases will be discussed in Part II. 
Here it is sufficient to note that the concentration 
of CHs; radicals apparently passes through a 
maximum and a minimum. The steep rise (when 
replotted on a linear temperature scale) after the 
minimum corresponds to a similar increase ob- 
tained in the absence of lead tetramethyl and is, 
therefore, attributable to a chemical change 
occurring in ethane. 

The question arises as to whether the second 
increase in CH;+ ions can be unequivocally at- 
tributed to an increasing concentration of methyl 
radicals or to some other mechanism. There are 
three other alternatives. Some secondary decom- 
position product of ethane might have a lower 
A(CH3*). One of the products, e.g., C2H,4, might 
dissociate under electron impact to give the 
methylene ion in sufficient abundance so that 
the CH, isotope would account for the increase 


2J. A. Hipple and D. P. Stevenson, Phys. Rev. 63, 


121 (1943). 
3R. G. T. Fraser and T. N. Jewitt, Phys. Rev. 50, 1091 
(1936); Proc. Roy. Soc. A160, 563 (1937). 
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in mass 15. And finally there might be a sufficient 
concentration of vibrationally excited ethane 
molecules entering the ionization chamber so 
that the appearance potential of CH;* is shifted 
below the fixed value of E chosen for the ex- 
periment. 

The first possibility can be ruled out on the 
grounds that the value of A(CH;*) is lower for 
ethane than for any C,H, hydrocarbon. The 
published values for methane, ethane, propane, 
n- and 1-butane are 14.4, 14.2, 17.0, 22.5, and 
20.7 volts, respectively. Actually the values for 
hydrocarbons higher than ethane mean very 
little since the “tail” of the ionization curve 
extends a considerable distance towards lower 
voltages. Nevertheless, the absolute intensity at 
voltages below 14.2 is quite negligible as was 
confirmed repeatedly in the present work. 

The electronic production of CH,* ions from 
ethylene can also be ruled out at 14.2 volts, 
since at least 19 volts would be required and the 
intensity of the isotope would be only 1.1 percent 
even at this high potential. No CH,*+ ions were 
detectable in our apparatus, even at potentials 
where CH;* was giving off-scale deflections. 

The third possibility, namely, that the appear- 
ance of CH;* ions on heating the gas is at- 
tributable to excited molecules rather than free 
radicals, is more difficult to disprove. From 
energy considerations it is natural to suppose 
that the rate of production of excited molecules 
will be greater than that of free radicals. How- 
ever, it is probable that this increased rate will 
not be wholly represented in an increased equi- 
librium concentration because of the greater 
ease with which the vibrational energy can be 
dissipated. In the case of the decomposition of 
methane, it was possible to show that at high 
temperatures CH;* ions could be detected at 
electron energies below the ionizatién potential 
of methane itself. To explain such a result on 
the basis of vibrational energy would require 
the hypothesis that excited molecules when 
struck by a low voltage electron can only dis- 
sociate to give a CH;+ ion. Yet any reasonable 
assignment of Morse curves coupled with the 
requirements of the Frank-Condon principle 
would lead one to expect that vibrational energy 
would lower both the ionization potential of the 
parent molecules (in this case methane), and 
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the appearance potential of the CH;+ ion. We 
should, therefore, expect that since under normal 
conditions CH,*+>CH;"*, no such violent change 
in this ratio as was actually found could take 
place on increasing the temperature, unless new 
particles such as free radicals are being formed 
thermally. 

In the case of ethane it is not so easy to obtain 
such unequivocal experimental proof on ac- 
count of the lower ionization potential of ethane 
and the large difference in mass. Nevertheless, 
other contributory evidence points to the same 
conclusion and is briefly reviewed below. 

In one series of experiments, in order to study 
the effect of surface on radical concentration, 
a small, flat, movable spiral of tungsten was 
mounted inside the quartz tube of R.1. Keeping 
a constant temperature in the furnace windings, 
the spiral was gradually lowered towards the 
diaphragm. This resulted in a decrease’in CH;+ 
concentration as indicated by the galvanometer 
deflection. With the spiral in its lowest position 
it was then heated by an electric current, where- 
upon the residual deflection disappeared almost 
completely. Thus the addition of energy had 
decreased the concentration of excited molecules 
or free radicals between the furnace and the 
diaphragm. Such a result is much more plausible 
on the hypothesis of a recombination of methyl 
radicals requiring an energy of activation than 
on the supposition of deactivation of excited 
molecules. With the spiral heated to still higher 
temperatures, the galvanometer deflection began 
to increase, indicating that the spiral was itself 
becoming a source of free radicals. This behavior 
parallels very closely the phenomena of recom- 
bination of atoms on heated surfaces studied by 
Roginsky and Schechter.‘ 

Other evidence tending to confirm the radical 
rather than the molecular origin of the increase 
of CH;* with temperature was obtained when 
the temperature coefficient was found to be 
independent of the electron accelerating poten- 
tial. If excited molecules were responsible, we 
might anticipate that as the electron energy was 
increased the thermal activation energy would 
decrease as lower vibrational levels became 
effective. This was not the case. Such a result, 


4S. Roginsky and A. B. Schechter, Acta Phys. Chim. 
U.S.S.R. 6, 401 (1937). 
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however, is quite consistent with the requirement 
that a free radical is involved in the change of 
methyl ion concentration with temperature. 

Finally it was found that the ratio of the 
height of the minimum to that of the maximum, 
in curves similar to that depicted in Fig. 6, was 
independent of the electron potential (provided 
of course the latter did not exceed A(CH;*) 
from unexcited ethane). This result also is con- 
sistent with the view that the same species of 
particle is responsible for both the low and high 
temperature increase of CH;*, and since there 
can be little doubt as to the radical origin of the 
decomposition product of lead tetramethyl, it 
follows with considerable certainty that the high 
temperature decomposition of ethane into free 
radicals can be studied by following the low 
voltage production of CH;* ions. 

There remains one other feature which might 
invalidate results obtained at higher pressures 
using R.3. As the reaction pressure is increased, 
it is necessary to reduce the size of the aperture 
in the diaphragm separating the reactor from the 
ionization chamber. The diaphragm, however, 
is at the same temperature as the reactor, and 
its underside is exposed to the gas in the ioniza- 
tion chamber. Since all investigators are appar- 
ently agreed that the detection of free radicals 
by the mirror method becomes increasingly 
difficult as the reaction pressure rises above a 
few mm Hg, it might at first sight seem surprising 
that the mass-spectrometric method has already 
extended the pressure range tenfold without 
approaching any insuperable difficulties. Using 
reactor R.1, in which the diaphragm is essentially 
at room temperature, the upper useful limit of 
pressure was ca. 15 mm, whereas with reactor 
R.3 radicals have been detected at 120 mm. 

In order to examine the implication of this 
result more closely, let us.take the two primary 
reaction mechanisms which have been proposed 
for the formation of methyl radicals from ethane : 


2C.H, = 2CH3+C2He (3) 


and 


(4) 


The main mechanism for the removal of methyl 
radicals will be 


CH;+C2Hs—-C:2H;+CH 4y 


C,H. = 2CHs3. 


(5) 
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so that the equilibrium concentration of methy] 
radicals in the reactor will be, 


[CHs]: =k,/kz - CoHe, 










in the first case and 


[(CH3 ]o=ke/k3 in the second, 







where k;, ke, and k3 are the rate constants for 
reactions (3), (4), and (5), respectively. If 
now we have a series of diaphragms, dy, d2,: - -d,, 
such that reaction pressures fi, p2,°**Pn above 
the diaphragm will give a constant pressure p’ (ca. 
10-* mm) in the ionization chamber below, and 
if the primary production of methyl radicals 
proceeds according to a bimolecular mechanism, 
the partial pressure of the radicals in the ioniza- 
tion chamber will be 
















“ [C:He] ve 
pbr=—-([C2Hs]-—=—-?P’, 
ks Pn ks 







i.e., independent of the reaction pressure. If, 
however, the primary production is unimolecular 
the partial pressure of the radicals will be 


kp p’ 
ks Pn 









Pr 








and will decrease as the reaction pressure is 
increased to accommodate smaller diaphragms. 

Hence it only will be possible to detect free 
radicals over a wide range of pressures if the 
order of the producing mechanism is the same 
as or greater than that of the radical removing 
mechanism. 

Since, however, the radical partial pressure in 
the ionization chamber depends on the ratio 
k;/ks, which in turn depends exponentially on 
the difference between the activation energies E: 
and E; of tite two reactions (where E;> Es), it is 
clear that the radical concentration will decrease 
rapidly with increasing pressure if the radicals 
have to pass through a long length of cooler gas 
as in the mirror technique. 

Thus our finding that methyl radicals could be 
readily detected at high pressures would indicate 
a bimolecular mechanism for their production 
and an absence of an appreciable cool zone if 
reactor R.3, provided we eliminate any possible 
additional source of radicals such as the hot 
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surface of the diaphragm exposed to the ioniza- 
tion chamber. 

This source of uncertainty in the interpretation 
was removed by comparing the concentration of 
methyl ions under identical conditions, except 
that in the one case a pressure of 10-* mm was 
maintained in the usual way by ethane at a high 
pressure effusing into the ionization chamber 
through the reactor diaphragm, whereas in the 
second case a pressure of 10-* mm was main- 
tained in both the reactor and the ionization 
chamber by means of an auxiliary leak to the 
latter. Even when the pressure was increased 
to 3.10-* mm there was no deflection attributable 
to CH; radicals in the second case. Thus there 
can be no doubt that the radicals observed in 
the first case were actually coming from inside 
of the furnace and not from the heated underside 
of the diaphragm. 


LIMITATIONS OF THE METHOD 


As a result of the control experiments sum- 
marized above, the validity and usefulness of 
the method were considered well established. 
Before proceeding to a more detailed discussion 
of the application of the method to specific 
examples, certain limitations will be briefly 
discussed. 

Sensitivity 

It is not possible to give any one figure which 
will represent the lower limit of concentration 
which can be detected. Apart from the usual 
reciprocal relationship between resolving power 
and slit-width, there is the important factor 
that the upper limit of allowable electron energy 
is the appearance potential of the particular 
radical ion formed by electron bombardment of 
either the parent molecule or one of the reaction 
products—whichever is the lower. For example, 
a study of Table I, in which data have been 
collected on the products of electron dissociation 
of ethane, ethylene, and methane from the 
measurements of Hipple,*> Kusch, Hustrulid, 
Tate,’ L. G. Smith,’ and others, reveals con- 
siderable differences between the probable de- 

‘J. A. Hipple, Jr., Phys. Rev. 53, 530 (1938); J. A. 
Hipple, Jr.and D. P. Stevenson, Phys. Rev. 63, 121 (1943); 

- P. Stevenson, J. Am. Chem. Soc. 65, 209 (1943). 

*P. Kusch, A. Hustrulid, and J. T. Tate, Phys. Rev. 52, 


843 (1937). 
™L. G. Smith, Phys. Rev. 51, 263 (1937). 
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tectability of different products. Of the end 
products of the thermal decomposition of ethane, 
both hydrogen and methane are detectable in 
quantities far smaller than ordinarily required 
in chemical analysis. Ethylene, because of its 
great abundance in the electron spectrum of 
ethane, and the relatively small difference (1.3 
+0.6 volts) between the appearance and ion- 
ization potentials, is less detectable—though 
relatively easily detectable compared with the 
low concentration radicals. Preliminary calcu- 
lations indicated that methyl and methylene 
radicals with potential differences of 4.2+0.3 
and 4.3+1.0 volts, respectively, should be de- 
tectable in concentrations down to ca. 0.001 
percent or even lower with an improved design 
of mass spectrometer. 

The ethyl radical deserves mention on ac- 
count of its predicted abundance in the decom- 
position of ethane and because it serves to 
illustrate the caution required in this type of 
analysis. The difference between the appearance 
and ionization potentials being 4.2+0.2 volts, its 
detectability might be expected to be moderately 
high. However, much larger amounts of ethylene 
will accompany the formation of ethyl at moder- 
ate pressures and contact times, so that we have 
to reckon with the ethylene isotope of mass 29 
which will also be present to the extent of 2.2 
percent of the ethylene formed. Since the ion- 
ization potential of ethylene is 10.8+0.5, this 
potential, and not the appearance potential 
12.9+0.2, must be used when searching for the 
ethyl radical. This naturally decreases very ma- 
terially the sensitivity in this particular case. 


TABLE I, 








Appearance 
potential potential 
from C2He from CeH« 


11.6+0.1 — 
8.7+0.2 12.9+0.2 
10.8+0.5 12.1+0.1 
9.9 15.2+0.3 
11.2+0.1 15.0+0.3 
11.3 27.0+1.0 


31.5+1.0 
13.1+0.4 — 
10.0 14.2+0.3 
11.9 16.2+1.0 
11.1 24.5+1.0 
(11.3) 30.4+1.5 
15.4 28.0+1.5 
13.5 20.8+1.0 


wee Appearance 
Ionization 
potential 


11.6+0.1 





10.8+0.5 
14.1+0.1 
13.4+0.2 
19.2+1.0 
26.4+1.0 


19.2+0.3 
22.9+0.5 
24.6+0.5 
22.4+1.5 
26.2+1.5 
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Calibration 


Theoretically, if we know the potential at 
which the measurements are made and the 
probability of ionization, it would be possible 
to estimate the absolute concentration of the 
radicals. Ionization probabilities at low poten- 
tials are mostly unknown, however, and are 
naturally sensitive to such factors as electron 
energy spread and space charge in the ionization 
chamber. Calibration for the permanent end 
products of a reaction is carried out in the con- 
ventional manner by comparing ion deflections 
of a given product, when the latter is produced 
thermally, and by addition of a known amount 
to the gas stream. 

In order to calibrate for a transient radical 
there is no such golden rule, in fact no rule at 
all in most cases. In the case of methyl radicals, 
by working at low pressures and with neutral 
carrier gases containing small known amounts 
of lead tetramethyl, curves similar to Fig. 5 
(except that the deflection reaches a plateau 
instead of passing through a maximum and 
minimum) may be used to indicate the maximum 
deflection corresponding to total decomposition 
of the lead tetramethyl. Similar techniques, in 
which are used diazomethane for CHa, lead tetra- 
ethyl for C2Hs, and Bonhoeffer and Reichardt’s® 
steam equilibria data for OH, might be applicable 
but have not been tried in the present work. For 
the allyl and vinyl radicals there is at present 
no such known approach. 


DISCUSSION 


During the course of the experiments reported 
above and in the two communications which 
follow, it became increasingly clear that con- 
siderable improvements in performance could be 
expected by making use of the Nier-type mass 
spectrometer employing a 90° magnetic path. In 
this way the ion source is sufficiently far from the 
pole pieces to allow a more effective location of 
the pump with respect to the diaphragm through 
which the radicals are issuing. 

This feature, which is of relatively little im- 
portance at low reaction pressures where the 
aperture in the diaphragm is comparatively 


8K. F. Bonhoeffer and H. Reichardt, Zeits. f. physik. 
Chemie A139, 75 (1928). 


large, may be decisive in the detection of certain 
radicals at higher pressures. 

For a pumping speed of S liters per sec. in 
the ionization chamber, the diameter of the 
aperture, D, required to maintain a differential 
pressure ratio p:10~* mm, where p is the reaction 
and 10-* the ionization pressure, will be given 
approximately by 


4S 10-%\3 
D= (— ) cm. (6) 
nw 12p 
Substituting S=7 1/sec. and p=100 mm, we get 
D=2.7-10-* cm or 27. 

Now the average number of collisions (m) 
made by each molecule on the walls of a short 
channel of length Z and diameter D can be 
shown to be approximately 4Z/D during the 
time of transfusion. Hence radicals or atoms 
which are sensitive to a single wall collision at 
high temperature will be removed almost com- 
pletely from the sample when 4L/D>1. 

If we adopt as a criterion of “‘free’’ passage 
through the aperture the condition that 


n>0.8, 


which will allow at least 20 percent of the radicals 
to transpire without suffering a wall collision, 
then with L=10y, which probably represents a 
practicable lower limit of diaphragm thickness, 
the diameter, D, must be at least 50u, and the 
pumping speed (from Eq. 4) must be approxi- 
mately 25 1/sec. for a reaction pressure of 
100 mm. 

This seeming diversion into the realm of future 
development of the method was deemed neces- 
sary to illustrate the care with which a negative 
result must be treated. There is evidence that 
the lower hydrocarbon radicals are fairly stable 
towards surface collision at moderate tempera- 
tures. Atoms such as H, O, and the radical OH 
are probably less stable (W. V. Smith®), and 
although theoretically it might be possible to 
select specific materials such as Ta for H atoms 
or W for O atoms to minimize recombination, 
the more general approach of high pumping 
speed would appear preferable. 

In concluding this section it is a privilege to 
record my deep appreciation of those who at 


9W. V. Smith, J. Chem, Phys. 11, 110 (1943). 
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various times have contributed to the develop- 
ment of the method—Professors N. N. Semenov 
and V. N. Kondratjew in whose laboratories the 
groundwork was laid, E. Luttrop, N. S. Heikes, 


and the Fanger Research Laboratories for con- 
structional ideas and skill, and Dr. O. Beeck 
for his steady interest during all phases of 
the work. 


Part II. The Thermal Decomposition of Some Lower Hydrocarbons 


The method described in Part I has been applied in a 
preliminary survey of certain intermediates occurring 
during the decomposition of methane, ethane, propane, 
propylene, butanes, butylenes, oxygen, and nitric oxide 
with and without admixtures of lead tetramethyl, and in 
dimethyl ether and diazomethane. Methylene appeared in 
the last named case but not in the low pressure decom- 
position of methane. Methyl radicals both at high and low 
pressures were detectable and reasons are given for the 
belief that the primary decomposition of ethane is bi- 
molecular. The interaction of methyl with ethane and 
propylene has been followed up to 1000°C, and, in the case 


The results which form the subject of this com- 
munication were obtained during an investiga- 
tion of the range of application of the method 
described in Part I. The original objective had 
been to extend if possible the range of pressures 
at which radicals can be detected so that com- 
bustion phenomena could be studied more di- 
rectly. The choice of hydrocarbon decomposi- 
tions was dictated by their comparative simplicity 
and the desirability of having a basis of com- 
parison between the mirror and mass spectro- 
metric methods. Although results obtained with 
several hydrocarbons are reported, this should 
not be taken as meaning that such hydrocarbons 
have as yet been studied exhaustively by the 
new method. It was considered expedient at this 
stage of development to survey a broad field 
semiquantitatively. 

The following abbreviations will be used: 


R.1—quartz furnace with cool diaphragm, 
R.2—carbon filaments above the cool diaphragm, 
R.3—steel furnace with uniform temperature distribution 
in the neighborhood of the diaphragm, 
E—electron accelerating potential. 


METHANE 


Using a freshly blown and outgassed quartz 
furnace no CHs radicals could be detected in 
pure methane in the pressure range 0.01 to 
0.3 mm, up to temperatures of 1100°C. After 
heating the tube to ca. 950°C in a stream of 


of propylene, the allyl radical was detectable but not 
vinyl. The interaction between methyl and various carrier 
gases falls qualitatively in the following series of descending 
order, C3H,g, NO, C2He, C2H,, Ho, Oz, and He. CH;0 from 
methyl ether-is apparently more reactive or unstable than 
methyl. The rate constant of decomposing Pb(CHs), is 
found to be k=1.5-10" exp(—28,000/RT). Hydrogen 
atoms and ethyl radicals have been found in certain in- 
stances, but further refinements in technique will be 
required before these and heavier radicals can be studied 
systematically. 


ethane or natural gas at ca. 1-mm pressure for 
one hour, it was found that methyl radicals 
could readily be detected in pure methane and 
that the surface activity then persisted even 
after such treatments as outgassing, heating in 
air, or washing in nitric acid. 

The growth of CH;* with temperature at a 
reaction pressure of 0.014 mm is illustrated in 
Fig. 1. In spite of the non-uniform temperature 
profile of R.1 (see Part I, Fig. 4) a reasonable 
estimate of the temperature coefficient at this 
pressure can be made from the logCH;~1/T 
replot given in Fig. 2. From the slope of the line 
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Fic. 1. Growth of CHs* with temperature in methane. 
Reaction pressure, 0.014 mm. Concentration of CHs; in 


arbitrary units. 



































N 
1.4 
N 
” 
=x 
oO 
3 
10 g 
N 
N\ 
° 
NS 
oA 8.0 84 8.6 
10*/T 


Fic. 2. Temperature coefficient of methyl concentration 
$ in methane. Reaction pressure, 0.014 mm. 


we get a value of ca. 46 kcal. for the activation 
energy. At 0.014-mm pressure, the mean free 
path is of the same order as the diameter of the 
reactor (3 mm) and very much greater than the 
diameter of the pores of the surface structure, 
created presumably during activation. In such 
cases, as Zeldowich! has shown, a lowering of 
the activation energy by a factor of two may be 
expected at high temperatures. 

Repeated efforts to detect CH» radicals and H 
atoms with the quartz reactor failed. In both 
cases the mass-spectrometric conditions are quite 
favorable. Thus Smith? gives for the appearance 
and ionization potentials of CH», 15.7+0.5 and 
<12.0 volts, respectively, and in the case of 
hydrogen atoms we have the corresponding 
values of 18.0 and 13.5 volts. In the latter case 
the value of the appearance potential in hydrogen 
is taken rather than the value in methane (22.7 
+0.5 volts), since molecular hydrogen was de- 
tectable in the decomposition products. 

In practice, the sensitivity for methylene de- 


tection is even greater than for methyl radicals . 


on account of the much lower yield of CH2* from 
electron bombardment of methane. In order to 
check the possibility of detecting free methylene, 
experiments were conducted in which helium, 
purified by passage over active charcoal in liquid 

'Ya. B. Zeldowich, J. Phys. Chem. U.S.S.R. 13, 163 


(1939). 
?1.. G. Smith, Phys. Rev. 51, 263 (1937). 
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nitrogen, was passed over a 3 percent solution of 
diazomethane in diethyl ether contained in a 
low temperature trap. The helium pressure in 
R.1 was varied from 0.1 to 0.01 mm. With the 
trap at —110°C there was no evidence of CHa, 
but on increasing the temperature to —90°C, 
deflections as high as 50 cm could be obtained at 
ca. 500°C. The deflection was still increasing at 
900°C, indicating that at these low pressures, 
and residence times of the order 10-* second, 
decomposition was not complete. On decreasing 
the pumping speed the deflections increased 
rapidly, indicating that reaction products were 
not appreciably diminishing the methylene con- 
centration. 

These qualitative results proved conclusively 
that the absence of methylene radicals in the 
low pressure decomposition of methane could 
not be attributed to a failure of the method of 
detection. 

Belchetz and Rideal* have published evidence 
that the methylene radical can be detected in 
methane by interaction with a cooled iodine 
mirror, provided the place of origin of the radicals 
is within the mean free path of the detecting 
surface. The yields were very small and only 
after some four hours had sufficient methylene 
iodide accumulated for analysis. Methyl radicals 
made their appearance when the distance be- 
tween the hot carbon filament and the iodine 
was increased from 3 mm to 1 cm, which at 
0.1-mm pressure is greater than the mean free 
path. F. O. Rice‘ has repeated part of this work 
using tellurium mirrors and found no evidence 
of CH». Methyl radicals were detectable at 
separations greater than the mean free path as 
in Belchetz and Rideal’s experiments. Pearson, 
Purcell, and Saigh® conclude from the behavior 
of CHe, produced thermally from diazomethane 
and photo-chemically from ketene in various 
carrier gases, that the results of Belchetz and 
Rideal are more plausible. 

Since the only direct evidence of CH: radicals 
from methane has been obtained when using 
platinum or carbon filaments as the source of 
heat, a similar source was constructed using 





3L. Belchetz and E. K. Rideal, J. Am. Chem. Soc. 57, 
1168 (1935). 

4F. O. Rice, J. Am. Chem. Soc. 61, 213 (1939). 

5 T. G. Pearson, R. H. Purcell, and G. S. Saigh, J. Chem. 
Soc. 409 (1938). 
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several short parallel carbon filaments embedded 
in Aquadag between nickel foil, and this grid- 
like heater was placed at a distance of 3 mm 
above the diaphragm of the water cooler. The 
aperture in the diaphragm was 1.5 mm so as to 
give ample opportunity for any CH, radicals to 
escape unhindered into the ionization chamber 
below. With temperatures up to 1200°C and 
pressures down to 10-* mm no CH radicals 
could be detected although CH; radicals were 
abundant. At these low pressures it would appear 
probable that the methyl radicals are primary 
and not caused by reaction of methylene and 
methane. It is difficult to reconcile our results 
with those of Belchetz and Rideal unless different 
surface conditions prevailed on the carbon fila- 
ments. The fact that Belchetz and Rideal had 
to renew the iodine surface at frequent intervals 
in order to obtain measurable quantities of 
product is possibly of significance since in our 
experiments, especially with metal filaments, 
transient phenomena on reheating the filaments 
were a common feature. Thus, allowing the cool 
filament to rest for a few minutes in the stream 
of gas always produced an anomalous distribu- 
tion of products when the filament was reheated. 
No attempt was made in this preliminary survey 
to study these changes systematically, but 
enough evidence was accumulated to indicate 
that, with suitable modifications, the mass spec- 
trometric method might be adapted to provide a 
sensitive means of investigating certain phases 
of surface reactions, in particular those occurring 
on single crystals of preferred orientation where 
the amount of material is usually too small for 
chemical methods. 

At high pressures, up to 100 mm, methyl 
radicals were readily detectable in methane 
using R.3, but for reasons given later the yield 
was not studied quantitatively. 


ETHANE AND PROPYLENE 


In an attempt to obtain a more quantitative 
estimate of the number of methyl radicals enter- 
ing the ionization chamber, small concentrations 
of tetramethyl lead (TML) were carried in a 
stream of pure helium into R.1. A typical decom- 
position curve showing the growth of CH; 
radicals as a function of temperature is shown in 
Fig. 3. Provided the reactor was clean, the 


helium pure, and the pressure low, the curve 
flattened off at a temperature of ca. 700°C 
depending on the contact time. The general rule 
in carrying out these calibrations was to keep 
the TML concentration below 1 percent of the 
carrier gas so that other decomposition products 
(CH,4, CoH,y, and C2H¢s were identified) would 
not interfere appreciably with the transport of 
the methy] radicals to the ionization chamber. In 
practice it was found convenient to saturate the 
carrier gas at low pressures and temperatures 
(ca. — 70°C) so that the gas line could be rapidly 
pumped out without evaporating large quanti- 
ties of TML. Since the vapor pressure of TML 
at —70°C was not accurately known, a master 
calibration with a saturator at 0°C and helium 
at atmospheric pressure was also made. Since a 
number of approximations have to be made in 
applying the results of such calibrations in the 
present apparatus, we can rely only on obtaining 
the right order of concentration, and in the 
following it will be assumed that where a con- 
centration x of TML has been totally decom- 
posed, the galvanometer deflection is that pro- 
duced by a corresponding concentration of 
methyl radicals. 

From curves of the type shown in Fig. 3 we 
can obtain a value for the heat of activation and 
the unimolecular frequency factor for the decom- 
position of TML. Thus the concentration of 
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Fic. 3. Growth of methyl concentration with tempera- 
ture in He+0.006 Pb(CH;), mixture. Reaction pressure, 
0.4 mm. Quartz reactor R.1. 
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Fic. 4. Temperature coefficient of methyl concentration 


in a decomposing stream of He+0.006 Pb(CHs3)«4. Reac- 
tion pressure 0.4 mm. Quartz reactor R.1. 


radicals in an unreacting atmosphere will be z 


where 
Z=a(xo—X). (1) 


Here x and x» are the instantaneous and zero- 


time concentrations of TML, and a is a constant 
of the order of unity. We also have 


—dx/dt=k,x, (2) 


where k; is the velocity constant for TML decom- 
position. Thus after integration and substitution 
we have 

Z=aXxo(1 —exp(—ito)), (3) 


where fo is the reaction time. Since, by assump- 
tion, the maximum value of the radical concen- 
tration Zm is given by 

Zm = aX, 


we obtain finally 
In(Zm— 2) /Zm = — Rilo. (4) 


In Fig. 4 the plot of logk: against 10'/4.577 is 
given. From this, and similar curves for slightly 
different values of to, a mean expression for ki 
was obtained in the form 


ki =1.5-10" exp(—28200/RT). 


The only value of E found in the literature is 
that of Romm® who, in the course of induced 


6R. S, Romm, J. Gen. Chem. U.S.S.R. 10, 1784 (1940). 


polymerization experiments, obtained a value of 
23.5 kcal. Leermakers’ obtained 36.9 kcal. for 
the decomposition of tetraethy] lead. 

The behavior of the radical concentration as 
a function of temperature was quite different 
from that illustrated in Fig. 3 when a reactive 
gas was used as the carrier. A preliminary note*® 
on this has already been published in which 
curves obtained at ca. 0.1-mm pressure were 
reproduced. More reliable data have been ob- 
tained for the carrier gases ethane and propylene 
at higher pressures. The curves, each point on 
which is the mean of three experimental readings, 
are reproduced in Fig. 5. 

The marked maxima and minima may be 
explained in the following manner. As the tem- 
perature is increased the TML commences to 
decompose. Simultaneously, some of the radicals 
are removed by the reaction 


CH;+RH-CH,z+R. 


Since the activation energy of this reaction is 
less than that for TML decomposition, there can 
be no maximum unless and until appreciable 
quantities of the TML are decomposed in the 
first sections of the furnace. These sections being 
further removed from the diaphragm afford 
greater time for the removal reaction to “filter 
out” the radicals. Thus at certain pressures, 
temperatures, and contact times the removal 
mechanism will overtake production, and this 
will continue until a new source of radicals, 
namely, the carrier gas itself, causes production 
to overtake removal. 

We can set up the equation for such a mecha- 
nism in the following way. Assuming unimolecu- 
lar decomposition and bimolecular removal, the 
instantaneous rate of production of radicals 2 
will be 

dz/dt=kix+koy—ks2y, (5) 
where x and y are the instantaneous concentra- 
tions of TML and the carrier, respectively. 
Provided xo, the initial concentration of TML, 


is. small compared with y, we may regard the 
latter as constant. Then, since 


x =x9 exp(—h:t), (6) 


7]. A. Leermakers, J. Am. Chem. Soc. 55, 4508 (1933). 
8G. C. Eltenton, J. Chem. Phys. 10, 403 (1942). 
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we get by substitution and integration 


kiXo 
3=————_[exp(— kito) —exp(—ksyto) ] 
(Ray — 1 


ke 
iu —exp(—ksyto) J. (7) 


3 


In this equation xo, 49, and y are experimentally 
determinable, while k; has already been found 
for a neutral carrier gas. Thus it is simple, 
though somewhat laborious, to substitute prob- 
able values of k3 in the first term on the right- 
hand side of Eq. (7) until the low temperature 
rise and the maximum are fitted to the experi- 
mental curve. A similar procedure with the 
second term establishes the minimum and the 
high temperature rise. Unfortunately for this 
section of the discussion the experimental results 
were not taken with sufficient refinement to 
justify placing much weight on numerical values 
obtained by this procedure. Uncertainties in the 
temperature distribution and contact time were 
not eliminated at this stage of development as 
interest lay in the endeavor to devise techniques 
for much higher pressures where the removal of 
CH; by the carrier is so rapid that the maximum- 
minimum character of the curve is obliterated. 
Such curve-fitting as was attempted with the 
present inadequate data showed clearly the great 
sensitivity of the positions of the maxima and 
minima to the frequency factors. For example, 
using 9.0 kcal. for E3 in the case of TML in 
C;H¢s, a frequency factor as low as 5.107 had to 
be used and the results with propylene suggest 
that its greater efficiency as a remover of CH; 
may be attributable in this temperature range to 
a higher frequency factor rather than the lower 
activation energy of 3.1 kcal. as found by Smith 
and Taylor.® It should be noted in passing that 
Eq. (7) does not take into account the removal 
of CH; by lead liberated in the reaction and 
deposited in the cooler sections of the reactor, 
and evidence was subsequently obtained that a 
more accurate picture might have been obtained 
had oxygen been used instead of helium in de- 
tiving the constants of TML decomposition. 
Before leaving the subject of the maximum- 
minimum type curves depicted in Fig. 5 we may 


ec 


_*H.S. Taylor and J. O. Smith, Jr., J. Chem. Phys. 8, 
543 (1940), , icine i 


briefly summarize the results obtained with 
other carrier gases. In argon the behavior, as 
was to be expected, was similar to that in He. 
In ethylene and hydrogen there was considerably 
less removal of CH; and less production of CH, 
than in C,H.. In oxygen there was, contrary to 
expectation, less removal than in C.H¢.. An 
O.-TML curve plotted on the same scale as 
that used for C2.H¢ and C3Hg is included in Fig. 5. 
Methyl radicals are, therefore, rather stable 
towards oxygen, a conclusion which is supported 
by measurements of methyl radicals in methane- 
oxygen flames (see following communication). 
That some reaction is taking place is made 
evident not only by the appearance of a maxi- 
mum but also by the appearance of significant 
amounts of mass 30. This was ascribed to formal- 
dehyde rather than to ethane since only insig- 
nificant amounts were formed when nitrogen 
was substituted for oxygen. 

In nitrogen there was significantly less de- 
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Fic. 5. Production of methyl in mixtures of 0.6 percent 
Pb(CHs), in oxygen O, ethane ©, and propylene X. 
Quartz reactor R.1. Pressure ca. 1,1 mm. 
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velopment of methyl than in oxygen. This, at 
first sight, anomalous result is probably an 
indication of the influence of atomic and de- 
posited lead in reducing radical yields. With 
oxygen as a Carrier it seems plausible to assume 
that the lead is poisoned and its radical removal 
efficiency decreased. 

When nitric oxide was mixed with ethane in 
the proportions 1:2 and used as a carrier, there 
was a scarcely noticeable increase in the rate of 
removal, indicating that, although a chain 
breaker, its affinity for methyl does not greatly 
exceed that of ethane. When using pure nitric 
oxide as a carrier, the radical concentration was 
drastically reduced but there was evidence that 
this was partly a surface effect since, on returning 
to an ethane stream, several runs had to be 
made before the normal ethane curve was ob- 
tained. 

On account of polarizing layers built up on 
the electrode surfaces when the three butylenes 
were decomposed, a strict comparison could not 
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Fic. 6. Production of methane, hydrogen, and methyl 
in decomposing ethane with and without addition of 
Pb(CH;),. Large symbols—with approximately 0.1 per- 
cent TML added. Small symbols—pure ethane. Quartz 
reactor R.1. Pressure 19 mm. 
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be made with these carrier gases. There were 
indications that iso-butylene removed methy] 
more effectively than 8-butylene and that the 
activation energy for methyl production in iso- 
was less than in 8-butylene. It is probable that 
with the improved geometry which could be 
achieved with a 90° magnetic path less trouble 
would be encountered, since the molecular beam 
can be directed parallel with, rather than per- 
pendicular to the plane of the first ion-collect- 
ing slit. 


THE EFFECT OF PRESSURE ON THE 
MAXIMUM-MINIMUM CURVES 


The effect of pressure on the shape of the 
methyl curve can best be explained in terms of 
what for want of a better expression we shall 
call the appearance temperature. This is the 
temperature at which a positive deflection due 
to ionization of a product appears. Provided the 
sensitivity of detection remains constant, the 
appearance temperature is an indication of the 
partial pressure of the product in the ionization 
chamber and above the exit from the reactor. 
By increasing the pressure in the reactor we 
automatically increase the pressure in the ioniza- 
tion chamber, and we should, therefore, expect 
the appearance temperature to decrease for both 
unimolecular and bimolecular processes. How- 
ever, if as is more desirable though also more 
laborious, the pressure in the ionization chamber 
is maintained constant by adjusting the size of 
the diaphragm, then the appearance temperature 
will depend on the relative partial pressures of 
reactant and product, the latter being small. 
Hence the appearance temperature will increase 
for a unimolecular production mechanism and 
should remain sensibly constant for a bimolecular 
mechanism. 

Although we were not primarily interested in 
this aspect it became clear that over the pressure 
interval 0.1 to ca. 4 mm a bimolecular process in 
the decomposition of ethane was becoming in- 
creasingly dominant over the surface reaction 
previously mentioned. Above 7 mm the appear- 
ance temperature when using R.1 increased 
rapidly, but this can be accounted for by the 
efficiency of the cool zone between the furnace 
and the diaphragm in removing radicals much 
faster than they are produced. In Fig. 6, curves 
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obtained in C2H, with and without addition of 
approximately 0.1 percent TML are reproduced 
for the products CH4, CH3, and Hg. It is clear 
that the CH; radicals produced from the TML 
have been almost completely filtered out and 
have been replaced by methane. The addition of 
the TML has also increased the production of 
hydrogen. The curves for CH, and Hg, obtained 
without TML can be replotted for estimating the 
activation energies; these replots are shown in 
Fig. 7. From the slopes we obtain: E(CH,) 
=91 kcal. and E(H:)=77 kcal.—values which 
appear slightly high although the latter agrees 
with that found by Kuchler and Theile’® and 
used by Rice and Herzfeld." In a static system 
we should expect E(CH,) to equal the activation 
energy for the primary rupture of ethane into 
two methyl radicals provided the stationary 
state, represented by 


dCH;/dt =dz/dt = Roy—k3zy =(), 


has been reached. Actually, however, at low 
pressures and contact times of the order 0.001 
second, the stationary state is not reached and 
we have 

2=ko/k3-(1—exp(—k3yt)), 
whence 

dCH,/dt =du/dt =koy(1—a), 


where a =exp(—ksyt) and the “‘activation energy”’ 
obtained from the temperature coefficient will be 


d |Inu/d(1/T) = —E./R+BE;/R, 
where 


B=[a(1+ksyt)—1]/[Rsytta—1]. 


8 is negative and approaches —1/k3yt as yt 
becomes large. Since in general E:>E3, the 
errors become negligible at pressures above 10 
mm, but they may be as high as 6 kcal. at 1 mm. 

Convincing evidence that the rise in the 
appearance temperature with increasing pressure 
is ascribable to the filtering action of the cool 
zone rather than to a unimolecular primary 
rupture was obtained when using R.3 where the 
cool zone is eliminated. Although this reactor 
Was primarily designed for combustion studies 
and does not have the proper dimensions for 


L. Kuchler and H. Theile, Zeits. f. physik. Chemie 
B42, 359 (1939). 
(1905) O. Rice and K. F. Herzfeld, J. Chem. Phys. 7, 671 


REACTIONS. I. 





1.6 











WX 


\ 
96 10.0 10.4 
10*/T° 

















Fic. 7. Temperature coefficient replot of hydrogen and 
methane production in pure ethane. Quartz reactor R.1. 
Pressure 19 mm. 


establishing temperature equality throughout a 
given cross section at the streaming velocities 
required, nevertheless the sample, being drawn 
from the center, will, if anything, be at a lower 
temperature than that registered by a thermo- 
couple situated off-axis. Hence any errors will 
tend to increase the appearance temperature. 
Actually the appearance temperature at 30 mm 
is considerably lower than that obtained at 18 
mm in R.1, and is not sensibly different from 
values obtained at still higher pressures—up to 
110 mm. Although it might be premature at this 
stage of development to place complete con- 
fidence in these semiquantitative results, the 
evidence is considerable that the primary rupture 
of ethane is bimolecular, as proposed by Kuchler 
and Theile, when the pressure is sufficiently high 
to escape contributions from the unimolecular 
surface reaction. 


OTHER RADICALS 


C:H;—Reference to Table I of Part I in this 
series shows that although the difference between 
the ionization potential of C,H, and the appear- 
ance potential from C2,H¢ is approximately 8.7 
—12.9=—4.2 volts, which should afford suff- 
cient freedom in selecting a potential such that 
AoC2H;+«KAC2H;+, where Ay and A are the 
electronically and thermally produced contribu- 
tions, respectively, nevertheless the ethyl radical 
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Fic. 8. Growth of the ethyl radical in a decomposing 
stream of C.H,+0.006 percent Pb(CH3;),. Pressure 0.03 
mm. Approximately one-third of the height of the curve 
is attributable to the C“C"H, isotope. 


has proved to be one of the most difficult to 
detect with certainty. The difficulty is occasioned 
by the fact that the ionization potential of C2H4 
is only about two volts higher than that of C.H; 
so that in reactions where C:H, appears as an 
end product its isotope of mass 29 also appears in 
quantities comparable with, and usually greater 
than the anticipated concentration of free ethyl. 
With the present apparatus, limited as it is in 
resolving power and homogeneity of the electron 
beam, all the AC2H; observed at high pressures 
can be accounted for as AC”®C"H,. At pressures 
below ca. 1 mm we found that the A29 was some 
threefold greater than could be expected from 
the isotope of ethylene, and hence the maior 
contribution was ascribed to free ethyl. A curve 
of AC2Hsin a C2He+TML mixture is repreduced 
in Fig. 8. 

C;H;—This radical may. be anticipated as a 
result of the capture of H by methyl radicals 
in propylene. Figure 9 shows that it can be 
detected at temperatures where the removal 
mechanism is well underway. 

C.H;—Since propylene has been shown to 
yield CH; at high temperatures, we might ex- 
pect the simultaneous appearance of the residual 
vinyl radical. In spite of favorable conditions for 
its detection none was found. We must conclude 
that the vinyl radical is particularly reactive 
and its life time much shorter than that of 
methyl. Testimony as to its reactivity is afforded 
by the growth of the C,H, curve (Fig. 9) which 
is clearly associated with the temperature range 
where methyl production is considerable. It is 
possible that the vinyl radical is surface reactive 
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and that redesign of the apparatus to reduce the 
residence time in the detecting system would 
reveal measurable concentrations. 

CH.—Although the potential relations for 
this radical render its detection relatively easy, 
it was only detected in the decomposition of 
diazomethane. Its concentration in the detector 
was estimated for other gases to be at least 
100-fold less than that of the methyl! radicals. 

CH—Hopes were entertained that this might 
be detectable when decomposing acetylene. Al- 
though positive results were obtained, there was 
considerable discordance, indicating that the 
condition of the surface of the carbon filaments 
used for decomposing the acetylene might be a 
determining factor. 

H—Atomic hydrogen was remarkable by its 
absence at both high and low pressures. Since 
its concentration in ethane according to the 
Rice mechanism should be independent of the 
ethane pressure, its absence at high pressures 
may be a natural consequence of the diminishing 
ratio of atomic hydrogen to ethane in the 
effluent. At low pressures it is probable that its 
rapid recombination on surfaces operates against 
detection in the present apparatus. By the use of 
tungsten or carbon filaments at ca. 10-? mm and 
1000°C, atomic hydrogen was detectable in city 
(natural) gas but not in ethane or methane. 
Here again, the influence of impurities and 
surtace condition was noted but not investigated. 
It is to be hoped that using the known non- 
catalytic properties of tantalum in the design 
of critical parts the detection of H atoms will 
be feasible. Calculations of its probable concen- 
tration in the ethane decomposition indicated 
that its measurement is only a matter of refined 
technique. 


OTHER GASES 


As a guide to future and more detailed investi- 
gation propane and - and iso-butane were run 
through the apparatus. The detectability of 
methyl radicals increases with carbon number 
on account of lower activation energies and in- 
creasing appearance potentials, which effectively 
increases the available sensitivity within limits 
imposed by secondary methane formation. The 
reverse, however, is true when we attempt the 
detection of the heavier radicals. Not only must 
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we contend with lower stability and smaller 
concentrations but the usable potential differ- 
ences are considerably reduced. Higher resolving 
power, sensitivity, and electron-beam homo- 
geneity will be required if quantitative results 
in this field are contemplated. 

An oxygenated compound, dimethyl ether, 
gave no trouble. Methyl radicals were abundant 
but a search for the residuum, CH;0O, yielded 
negative results. Large quantities of HCHO 
were found, together with CH,, CH;0H, CHO, 
and He. Since it might appear at first sight that 
the absence of CH;0O is connected with its rapid 
conversion to CHO and Hag, a test was made to 
discover whether electron bombardment of the 
main product HCHO would reproduce the quanti- 
ties of CHO* actually found. A comparison of 
the ratios of HCHOt+/CHO?* from formaldehyde 
vapor in a stream of argon with the correspond- 
ing ratio from decomposing methyl ether indi- 
cated that, within the rather large experimental 
error, the bulk of the CHO* was of electronic 
rather than thermal origin—a result which illus- 
trates the caution with which the appearance of 
a given mass from a reaction must be interpreted. 


DISCUSSION AND CONCLUSIONS 


Since this investigation was primarily directed 
towards finding the limitations of and possible 
improvements in a new method of approach to 
the measurement of short-lived intermediates, a 
detailed discussion of each gas or radical surveyed 
would be premature. Certain conclusions, how- 
ever, seem sufficiently well established to be 
summarized as follows. The method is more 
sensitive, rapid, and universal than the mirror 
or spectroscopic methods. The detection of 
higher radicals of greater instability awaits 
further refinement. Under favorable conditions 
the lower limit of detection is at present ca. 
0.0005 percent. Methylene does not appear in 
these concentrations except in the case of the 
decomposition of diazomethane. The reaction 
between methyl radicals and oxygen is con- 
siderably slower than might be expected on the 
basis of the value E53 kcal. deduced by Bates 
and Spence!*—a value which may be drastically 


chines 


R. Bates and R. Spence, Trans. Faraday 


oe 5 Soc. 27, 
468 (1931); T. Am. Chem. Soc. 53, 1689 (1931). 
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increased if we take Jones’ value of 12 kcal. 
for the reaction between methyl and iodine, 
which would entail a value of E>15 kcal. for 
the oxygen-methyl reaction. It seems probable, 
however, that the slowness of the reaction should 
be attributed to a high steric factor rather than 
a high activation energy. Bates and Spence 
concluded that a steric factor of 10-* was re- 
quired. The concentration of methyl radicals 
from decomposing ethane both at low and high 
pressures, is higher than can be accounted for 
without introducing a considerable steric factor 
into the rate of removal. At low pressures surface 
catalysis may be partially responsible, but it 
was found in our experiments at high pressures, 
using R.3, that the introduction of additional 
surface near the orifice reduced rather than in- 
creased the total yield. Until a modified type R.3 
furnace with lower Reynold’s number is used, a 
discussion of the relative roles of activation 
energy and steric factor must be postponed. 
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Fic. 9. Appearance of the allyl radical and ethylene 


during the decomposition of C;H¢+0.006 percent Pb(CHs)«, 
in a quartz reactor at 0.1-mm pressure. 





13 J. L. Jones, J. Am. Chem. Soc. 61, 3284 (1939). 
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The main difficulty encountered with the 
present apparatus at higher pressures lies in the 
interpretation of a negative result—the absence 
of a probable radical such as C2H;. Absence may 
be attributable to high volume reactivity or to 


rapid removal on the walls of the extractor dia- 
phragm. As pointed out in Part I, this difficulty 
may be largely eliminated by the use of higher 
pumping speeds and wider diaphragms in future 
models. 


Part III. Low Pressure Flames 


The method described in Part I has been applied in a 
preliminary survey of intermediates formed during the 
combustion of methane, propane, and carbon monoxide at 
pressures ranging from 30 mm to 140 mm. The object of 
the investigation was to obtain data for the improvement 
of the method rather than to study exhaustively any 
particular reaction. By following the intensity changes of 
intermediates formed in mechanically-oscillating and pul- 
sating-flow flames, the intermediates may be assigned to 
zones or phases of the oscillating or pulsating cycle. Pend- 
ing more detailed study the following intermediates ap- 


INTRODUCTION 


T is probably not an exaggeration to say that 
there is no chemical field in which the 
necessity of introducing the concept of material 
chains is more apparent, and the experimental 
detection of the carriers less certain, than in the 
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Fic. 1. Internal modifications of steel reactor R.3 for 
flame studies. Gas components A and B enter as shown, 
and the flame extends from the side hole O, across the 
diaphragm D. The distance OD can be varied by oscil- 
lating the tube T in a vertical direction, lateral movement 
being prevented by the spring guide H. A retractable 
Pt-Ir coil S, moving in guides G, serves to ignite the mixture. 


parently exist in detectable quantities, HO2, CH;0, CH.O, 
CHO, C.He, and CH;. Only doubtful traces of OH were 
detected, and the low concentration is attributed to the 
rapidity of surface removal. The temperature coefficients 
of CH,O and CHO are strongly negative, of HO: slightly 
negative, and of CH; strongly positive. The CH; radical 
is definitely a chemical intermediate and not attributable 
to thermal decomposition of methane. The production of 
an intermediate of mass 16 in a propane-oxygen flame is 
discussed, but as yet it has not been possible to distinguish 
between CH, and atomic oxygen as the source of this mass. 


field of combustion. Since one of the original 
objectives of our research had been to develop 
a method of studying intermediates at moder- 


ately high pressures, even the limited successes 


achieved with the present instrument in the 
field of hydrocarbon decomposition encouraged 
us to attempt a preliminary survey of the more 
complex phenomena anticipated in flames. It 
must be emphasized that the results are sug- 
gestive rather than conclusive, since we were 
primarily interested in discovering the defects 
and range of application rather than in solving 
any particular problem. For reasons outlined in 
Part | of this series, it was recognized that 
several improvements could be effected by a 
complete rebuilding of the apparatus. The results 
reported below have lent precision to our knowl- 
edge of the means whereby such improvements 
can be made effective. 


APPARATUS 


The apparatus was essentially the same as 
that described in Part I. Copper tubes for pre- 
venting flash-back, and traps for removing con- 
densible combustion products were incorporated. 
In order to prevent condensation in the water 
cooler, the latter was maintained at ca. 35°C by 
a circulatory system. Reactor R.3 was used 
throughout. In Fig. 1 the internal modifications 
are illustrated. Since premixing of the com- 





Th 


—_— 


OC 


sO 
tic 


th 





dia- 
‘ulty 
gher 
ture 


*H:0, 
were 
o the 
cients 
ightly 
adical 
itable 
ion of 
ime is 
iguish 
mass. 


ginal 
velop 
oder- 
CSSES 
. the 
raged 
more 
s. It 
sug- 
were 
fects 
ylving 
ed in 
that 
by a 
esults 
nowl- 
nents 


ne as 
r pre- 
x con- 
rated. 
water 
°C by 

used 
ations 

com- 


MASS SPECTROMETER STUDIES OF REACTIONS. 


bustibles was found to be undesirable, the gases 
were introduced separately so that with flames 
burning at pressures between 80 mm and 150 mm 
one component, (A), entered down the narrow 
stainless steel or quartz tube, 7, and met the 
other component, (B), at a small side hole, O, 
and the flame was directed across the gold 
diaphragm, D. A movable platinum-iridium heat- 
ing spiral, S, could be lowered towards O for 
ignition, after which it was retracted from the 
flame zone. In one series of experiments the 
tube JT was moved up and down by an external 
lever mechanism actuated by a synchronous 
motor which, by gearing, provided one complete 
oscillation of the flame in 2.5 minutes. The 
springy steel guide, H, maintained the tube 7 in 
position relative to the axis of the furnace. As 
before, the furnace walls, F, and the diaphragm 
could be heated by passage of heavy a.c. currents. 

In view of the large change of initial pressure 
accompanying combustion, a device for auto- 
matically restoring the pressure during com- 
bustion to its pre-combustion value was installed. 
This has already been described! and consists 
essentially of a pneumatic Wheatstone bridge. 
The variable resistances in the two gas lines are 
motor driven Fowler-type valves. The reversible 
Telechron motors are in circuit with relays 
operated from two double contacts, one pair in 
a mercury-filled U-tube, which plays the role of 
the galvanometer in the electrical analog, and 
the other pair in a manometer which registers 
and controls the pressure in the reactor. It was 
possible in this way to restore the pressure auto- 
matically, by increasing the flows of the two 
components, while maintaining a constant com- 
ponent ratio at any predetermined value. It was 
also possible to maintain a regular pulsating 
regime by proper choice of the pneumatic analogs 
of capacity, resistance, and inductance. 


METHOD 


Theoretically, every positive ion of low mass 
occurring in the flame spectrum should be re- 
garded as an electron dissociation fragment of 
some heavier chemical product unless by calibra- 
tion with the higher mass it can be proved that 
the electron velocity is too low to produce the 


'N. Heikes, Ind. Eng. Chem. 15, 133 (1943). 
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Fic. 2. Schematic representation of reaction zones in a 
horizontal flame pulsating across the sampling diaphragm. 
If the latter moves from x to y, corresponding to an 
elongation of the flame, the intensities of the zonal products 
ABCDE entering the ionization chamber will pass through 
maxima A’, B’, C’, D’, and E’. As the flame contracts the 
pattern will be repeated, and the maxima on an un- 
folding time scale will appear at D”, C”, B”, and A”. 


observed yield of lower mass ions. This is a 
possible but laborious and, at the present stage, 
unjustifiable procedure. Moreover, it can be 
avoided in certain instances by using either a 
pulsating or an oscillating flame. 

To simplify the discussion let us suppose that 
the flame issuing from the side hole in the tube, 
T, is composed of reaction zones and that in the 
various zones there will be a different distribution 
of products. Thus the concentration of any given 
product will vary with distance from the tube T. 
Actually these zones will be conical or spherical, 
but for simplicity they may be represented 
schematically as in Fig. 2, where A, B, C, D, 
and E are zones in which the concentrations of 
the products A, B, C, D, and E are a maximum. 
It is then obvious that if the diaphragm of the 
reactor under the flame were to be moved from 
position X to position Y, the intensity of the 
products effusing through the diaphragm would 
pass through maxima corresponding to A’, B’, 
C’, D’, and E’ and that as the diaphragm re- 
turned from Y to X to complete the cycle, the 
maxima would be reproduced a second time so 
that on a continuously unfolding time scale 
these second maxima would appear in the posi- 
tions D”, C’’, B”’, and A”. It is clear that simple 
maxima will occur only when the zones lie out- 
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Fic. 3. Variation of formaldehyde ion as flame pulsates 
across the diaphragm. The three cycles shown indicate 
by the twin maxima an intermediate zone. Time of one 
cycle=2.5 minutes. Mixture, two parts O2 burning in 
one part CH,. Traced from original photo-pen record. 
Pressure 67 mm. 


side the limits of the movement of X. In all 
other cases, such as B, C, and D, the maxima 
will be double and the relative depths of the 
two minima will be a function of the symmetry 
of the zone with respect to the positions X 
and Y. The phases of the various products are 
directly related to their position in the flame, 
and it follows that if the intensities of B and C, 
for example, are not coincident in phase then the 
ion Bt cannot be either the isotope or the elec- 
tron-dissociation fragment of the product C. 
Thus by using a pulsating or oscillating flame 
with a fixed diaphragm, which is approximately 
equivalent to using a moving diaphragm with a 
stationary flame, we not only avoid certain 
difficulties in interpreting the true origin of a 
given ion but are also able to say something 
concerning the chemical sequence occurring in 
the flame itself. 

Restricted as the present instrument is by the 
geometry of the 180° magnetic field, it was not 
feasible to move the flame horizontally across the 
diaphragm. Mechanical oscillations were only 
possible in a vertical direction. In an auxiliary 
apparatus it was found visually that with suit- 
able flow speeds and flame size the plane of the 
diaphragm would in effect penetrate from the 
outer to the inner mantle of the flame. Both 
the amplitude and mean position could be 
altered. In most cases an amplitude of 3 mm 
was suitable. 

With the pulsating flame the pulsations, in- 
duced by changes in flow speed instead of 
mechanical motion, are mainly in a horizontal 
direction, but the simplicity of the interpretation 
on the basis of Fig. 2 is to a certain extent 


obscured by the fact that some change in regime 
occurs simultaneously as a result of greater 
combustion, higher temperature, etc. The fact 
that the flow pulsations were less than 5 percent 
of the total flow inclines us, however, to the 
belief that the large changes in ion currents 
actually observed and the significant phase 
differences are mainly attributable to the physi- 
cal motion of concentration zones across the 
diaphragm rather than to concentration changes 
in stationary zones. 


RESULTS 


In order to study the performance of the 
present instrument and project improvements, 
methane, propane, and moist carbon monoxide 
flames were briefly investigated. A preliminary 
run using the quartz reactor R.1 (see Part | 
of this series) showed that a mixture of methane 
and oxygen would not burn in the narrow (3-mm) 
tube but that the production of CH; radicals at 
the cracking temperature was certainly not re- 
duced but, if anything, enhanced by the presence 
of oxygen. This confirmed the result already 
obtained when using oxygen-TML mixtures 
(Part II, Fig. 5). 

A tracing taken from part of an actual record 
of the variation of formaldehyde ions in a pulsat- 
ing oxygen-in-methane flame is shown in Fig. 3. 
We note that the intensity passes through two 
maxima per cycle, indicating that the concentra- 
tion is a maximum in a zone situated between 
the inner and outer cones, as illustrated schemati- 
cally in Fig. 2 at B’, B” or at D’, D”. In order to 
illustrate the marked phase differences among the 
masses 28 to 32, Fig. 4 has been constructed in 
which the intensities are arbitrarily equalized, 
and the pressure and flow variations occurring 
in the cycle are related to the trace made by a 
solenoid-operated pen. The solenoid of the latter 
was coupled to the automatic flow regulator men- 
tioned previously. It will be noted that pressure 
and flow velocity are not in perfect phase, which 
may account for certain minor discrepancies in 
the position of the main minimum. It was found 
that the phase separation of the maxima was a 
function of the average flow. This is to be ex- 
pected since an increase in average flow will 
tend to shift zone D towards zone C (Fig. 2) 
and thus increase the separation of the maxima. 
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In this way it was found that greater differences 
between the patterns of two nearly identical 
curves (for example CHO and CO in Fig. 4) 
could be induced. 

From the particular set of patterns illustrated 
in Fig. 4, it is clear that CH;0, CH2O, and CHO 
are formed in different parts of the flame or 
under different chemical conditions. If we accept 
as a working hypothesis the moving-zone postu- 
late, it can be deduced from Fig. 4 that since 
oxygen is richest in the inner parts of the flame 
the chemical sequence from the jet to the tip 
of the flame will be O.-CH;0-CH,O-CHO-CO. 
Certain reservations have to be made, however, 
and further study is required. The reservations 
may be stated briefly as follows. 

Firstly, it is possible that methyl alcohol is 
one of the first products. Detection is rendered 
difficult by the identity of its mass with that 
of Os, the comparatively small electron energy 
difference between the two ionization potentials 
(ca. 12.2—10.8=1.4 volts) and the large ratio 
of oxygen to methyl alcohol concentration. With 
greater electron-beam homogeneity it might be 
possible to obtain indications of CH;OH and 
thence to determine whether any of its electron- 
dissociation fragments are contributing to the 
patterns of the other observed ions such as 
CH;,0+. A more definite approach would be to 
use deuteromethane for this particular control, 
so as to obtain a mass separation of four units 
between deuteromethy] alcohol and oxygen. 

Secondly, it is possible that CHO is the C®O 
isotope of CO since the latter is present in great 
abundance. This possibility was ruled out by 
measuring the ratio of Mt23/M*o29. It was then 
found that the isotope would only account for 
approximately one-sixth of the observed M*o. 
Moreover, it was possible to obtain a greater 
phase differentiation between CO and CHO by 
increasing the average flow. The phase pattern 
of CHO then approached that of CH,O but was 
sufficiently different from the latter to rule out 
the possibility that the observed CHO+ was 
entirely an electron dissociation product of CH,O 
or a combination of this with the CO isotope. 
We, therefore, feel reasonably confident that 
CHO has been detected and could in future 
work be an object of special study. 

The remaining results will be summarized 


under the heading of the product or intermediate 
concerned. 

O; and CO;—These were not detected in 
appreciable quantities in any of the three flames 
(methane, propane, and carbon monoxide). The 
instrument was not suitable in its present form 
for masses above 45. 

CO.—The only interesting feature of CO: pro- 
duction is the erratic trace which this product 
gives as compared with CO. All possible instru- 
mental causes of this unsteadiness were elimi- 
nated without effect on the erratic behavior. 
It was concluded that small particles of carbon 
were oxidized in toto, giving rise to bursts of 
CO:. If this explanation is correct, it may be 
deduced that solid carbon under the prevailing 
conditions is oxidized to CO: in one step since 
the carbon monoxide curves were quite smooth. 

H,O.—Very few observations were made on 
this product. In an oxygen-methane .oscillating 
flame the M.34 peak was in phase with the 
oxygen M.32 and its magnitude equal to that 
which would be expected for the O'*0!8 isotope. 
Under these conditions, therefore, H:O. does 
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Fic. 4. Summarized phase curves for intermediates 
measured with a pulsating oxygen-in-methane flame. The 
amplitudes have been equalized to facilitate recognition 
of the phase relationships. The solid block marks at the 
base represent signals transmitted from the flow con- 
troller to a solenoid-operated pen giving phase reference 
points. The flow and pressure lines represent the variation 
of these parameters during the cycle. 
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not appear as a major intermediate and cannot 
be responsible for the oscillations of M.33 (q.v. 
under HO,). 

HO.—In view of the considerable importance 
of this radical in some theories of oxidation, it 
was of interest to attempt detection with the 
present apparatus. Detection is rendered diff- 
cult on account of the proximity of the very 
much larger mass 32 of oxygen and by the 
contribution of the O'O!'® isotope of mass 33 
identical with that of HO». However, both these 
interferences must decrease when the mixture is 
ignited owing to the consumption of oxygen, and, 
hence, if any increase is found it must be at- 
tributed to a new product. By setting the electron 
voltage just below the ionization potential of 
oxygen a quite definite increase in the positive 
ion current of mass 33 was observed after 
ignition of a propane in oxygen flame. The phase 
was nearly but not quite identical with that of 
the oxygen, and apparently differed from that 
of the CH;0 previously mentioned. Since methyl] 
alcohol may contribute to the formation of 
masses 33 and 31, it is possible that the deflec- 
tion, or a part of it, observed for mass 33 may 
have to be attributed to the isotope of methyl 
alcohol. At present the evidence from the phase 
differences appears to exclude the possibility 
that methyl alcohol can be responsible for both 
CH;0 and HOsz. 

In an oxygen-in-methane oscillating flame a 
much larger phase difference was obtained be- 
tween M.32 and M.33. 

It was noticeable that with both the propane- 
oxygen and oxygen-methane flames the applica- 
tion of additional heat to the reactor surrounding 
the self-sustaining flames (pressure ca. 70 mm) 
decreased slightly the intensity of the M.33 
peak. This negative temperature coefficient is of 
some interest and will be referred to in discussing 
the production of methyl radicals. 

M.32-M.28—The probable reality of inter- 
mediates in this mass range has already been 
discussed above. Formaldehyde exhibited a very 
marked negative temperature coefficient. 

C:H.—In an oscillating propane-oxygen flame 
M.26 was readily identified as a product formed 
when the flame was closest to the diaphragm. 
The intensity dropped to zero as the flame moved 
upward from which we may conclude that either 
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the C.H» formed in the inner mantle is totally 
consumed in passing through the flame front 
and into the oxygen-rich outer mantle, or that 
the production of C,H» takes place only when 
the inner mantle plays over the metal surface. 

C.H and C.—Since these masses were in phase 
with the production of CsHe, and the magnitude 
of the deflections were not inconsistent with an 
electron-dissociation origin, we are not as yet 
in a position to identify these products with a 
chemical process. 

OH—In view of the considerable success of 
the spectrographic method in measuring the 
concentration of OH radicals in flames, several 
attempts were made to use this radical as a 
basis of comparison between the spectrographic 
and mass-spectrographic methods. It would 
appear from our preliminary results that whereas 
the hydroxyl radical is particularly suitable for 
spectrographic investigation it is particularly 
difficult to identify in the mass spectrometer. 
The reasons for this conclusion are not without 
interest for the future development of the mass- 
spectrometric method, and, therefore, a more 
detailed discussion of the problem seems justified. 
The primary condition, namely, a large energy 
difference between the appearance potential of 
OH*+ from H,O and the ionization potential of 
free OH is satisfactorily fulfilled since A(OH*) 
=18.9 v and I(OH)=13.8 v. However, very 
large quantities of H,O are formed during the 
combustion and the ionization potential of HO 
is I(H,O+) =12.7. Thus if we select an electron 
energy slightly less than 18.9 v the H2O* peak 
will be strongly developed when the mixture is 
burning, and unless the resolving power is high 
there will be sufficient spreading of the M.18 
peak into the M.17 to mask the very small in- 
crease anticipated in the latter. In addition it 
has been found (see next section) that some 
product of mass 16 is formed under certain 
conditions and the isotope of this mass may be 
another factor contributing to the growth of 
M.17. Hence, although large increases in M.17 
have been recorded, we have not yet had at our 
disposal sufficient resolving power to overcome 
the difficulty of interpreting uniquely the origin 
of these increases, accompanied as they are by 
enormously greater increases in a neighboring 
mass. Unfortunately, the additional degree of 
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freedom provided by the pulsating or oscillating 
flame did not in this case assist in defining the 
origin of the M.17 increase. Both M.17 and 
M.18 were in phase, and it was noticed that the 
amplitude of the variation was small compared 
with the mean deflection. This was tentatively 
interpreted as indicating that the concentration 
of water vapor in the ionization chamber was 
buffered by absorption and desorption on the 
Aquadagged walls. 

In an effort to overcome the effect of the large 
increase in M.18 when a hydrocarbon mixture 
is burnt, a moist mixture of carbon monoxide 
and oxygen was run through the apparatus and 
ignited. Kondratjew’ has shown that at pressures 
of ca. 35 mm approximately one percent of the 
water vapor is converted by chemical rather than 
thermal action into OH radicals. Since in this 
case there is no increase in M.18 as a result of 
combustion, there should be no difficulty in 
measuring and interpreting the appearance of 
this comparatively large increase in M.17. 

At low pressures (35-50 mm) the flame of a 
stoichiometric mixture of CO and Oz is not 
self-sustaining, and the reaction vessel has to be 
raised above 600°C. The flame is then so diffuse 
that it resembles a luminous glow, filling a major 
portion of the reactor, and the technique of 
oscillating or pulsating the “‘flame’’ has no 
meaning. It was, therefore, necessary to compare 
the deflections of OH*+ and H,O* with the reactor 
hot and cold. This introduces the possibility 
that water driven off the reactor surfaces may 
contribute to the deflection, but this can be 
almost entirely eliminated by outgassing, using 
the behavior of H2O* asa control on the efficiency 
of the latter process. 

By use of the stainless steel reactor with a 
gold diaphragm, some indication of OH radicals 
was obtained. However, the results were highly 
irreproducible owing to the very rapid plugging 
up of the orifice in the gold diaphragm. Since 
carbonyl formation on the steel and decom- 
position on the gold was suspected as a cause of 
the blocking of the orifice, the entire inner 
surface of the reactor was lined with a snugly 
fitting thin gold shell. This eliminated the block- 
ing of the diaphragm, but also eliminated all but 


*V. N. Kondratjew, J. Phys. Chem. U.S.S.R. 14, 1 
(1940). 


a doubtful trace of the hydroxy] radicals entering 
the ionization chamber. Although data on com- 
bustion in gold vessels is not available in the 
literature, it is known that silver has a particu- 
larly strong depressing action. In an auxiliary 
vessel in which a quartz reactor was partially 
lined with gold foil, it was noticed that the mix- 
ture burnt in the unlined section even when the 
latter was cooler than the section lined with 
gold. It was, therefore, concluded that the gold 
liner was acting as an efficient differential pump 
for the removal of certain chain carriers, and 
that although a flame was undoubtedly burning 
in the gold-lined steel reactor, the concentration 
of OH radicals at the walls might be much less 
than in the center. 

Finally a thin quartz liner was fabricated by 
grinding and etching. This was inserted inside the 
gold liner and the mixture introduced through a 
quartz tube. Thus the only exposed metal surface 
was that of the small gold diaphragm and the 
37-inch deep walls of the well in which it was 
held. Even under these conditions the concen- 
tration of OH radicals entering the ionization 
chamber was less than one-tenth of that observed 
by Kondratjew. 

Our essentially negative results with the 
hydroxyl radical do not constitute a refutation 
of the positive results obtained by the spectro- 
graphic method. In the latter, the light beam 
passes through a considerable length of gas 
where the reaction is homogeneous and where 
the influence of surface is at a minimum. In the 
mass spectrographic method, on the contrary, 
the sample is extracted through an orifice which, 
in the present apparatus, is too narrow to allow 
collision-free passage for an appreciable fraction 
of the radicals. As indicated in Part I, this 
limitation can be reduced in future models, and 
it should be possible, by varying the ratio of the 
length and diameter of the orifice, to throw light 
on the relative sensitivities of various radicals to 
surface destruction. At present we may conclude 
that the hydroxyl radical is highly destructable 
at a gold surface, and in this capacity resembles 
atomic hydrogen. Recently Smith* has shown, 
by an independent method, that the efficiency 
of the recombination of hydroxyl] radicals on a 
Pyrex surface at 900°K is of the order 10-'. 


3 W. V. Smith, J. Chem. Phys. 11, 110 (1943). 
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Fic. 5. The production of methyl radicals in an oxygen- 
in-methane oscillating flame. Curve 1. CH,* at 9.25 ev 
(uncorrected). At A, heat was applied to the furnace and 
the greater combustion reduces the second maximum 
without shifting phase. Curve 2. CH;* at 10.0 ev. Furnace 
unheated. Curve 3. CH;* at 7.75 ev. Furnace heated. 
The triangular reference line at the base represents the 
varying height of the flame above the gold diaphragm. 


M.16—It was found that in a propane-oxygen 
flame considerable amounts of M.16 could be 
detected at electron energies below the appear- 
ance potential of O+ from the electron dissocia- 
tion of either O.(20.5 v), CO(24 v), CO2(19.6 v), 
or H,O(18.5 v). The only chemical products 
which could give rise to this mass are atomic 
oxygen and methane. Since, however, the ion- 
ization potentials of these products are 13.6 and 
13.1+0.4 volts, respectively, it is clear that the 
difference is too small to serve as basis for 
identification. An attempt was therefore made 
to utilize the electron affinity of oxygen atoms. 
Pure electron attachment is notoriously ineff- 
cient on account of the energy which must be 
dissipated. At the pressure ruling in the ioniza- 
tion chamber, triple collisions are so rare that 
we can only rely on radiation to carry off the 
excess energy (2.2 v) during the time of passage 
of the electron through the sphere of attraction 
of the oxygen atom. Thus the probability of 
attachment will increase as the velocity of the 
colliding electron decreases. At higher electron 
energies, negative atomic oxygen ions will make 
their appearance as a result of dissociation of an 
oxygen-containing molecule, the remainder of 
the molecule carrying off the excess energy either 
kinetically or, at still higher voltages, by forma- 
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tion of a positive ion. These two processes are 
more probable than that of pure radiative attach- 
ment and may be used as a guide in setting the 
focusing fields and checking the sensitivity. 

A number of attempts were made to detect 
the presence of atomic oxygen, but the results 
were negative. It was evident from the negative 
ion curves obtained at electron energies from 
5 v to 35 v, with and without ignition of the 
mixture, that a much more efficient electron gun 
than was available in the present apparatus 
would be required. We are, therefore, as yet 
unable to distinguish between methane and 
atomic oxygen as the source of the very definite 
appearance of 1.16 in the combustion products 
of a propane-oxygen flame. 

CH;—In view of the relative stability of 
methyl radicals towards surface collision and 
oxygen, it was hoped that this radical would be 
detectable in the oxygen-methane flame. With 
flame pressures varying from 75 mm to 140 mm 
the amounts of CH;* recorded were those to be 
anticipated from electron dissociation of the 
incompletely burnt methane. Moreover, both 
CH,* and CH;* were in phase. However, when 
additional heat was applied to the reactor a 
very striking change occurred. Not only were 
methyl ions detectable at electron energies below 
even the ionization potential of methane, but 
the phase of these ions in an oscillating flame 
indicated that their place of origin lay between 
the oxygen-rich and methane-rich zones. Thus 
the possibility that the increased methyl ion 
current was due to thermal decomposition of the 
methane was convincingly eliminated. In Fig. 5 
tracings of short sections taken from much longer 
experimental curves have been superimposed to 
illustrate the phase change. Curve 1 is for 
methane ions with an unheated flame. At the 
instant marked A the furnace temperature was 
raised, and, since the heat capacity is small, 
practically the full effect of the increased tem- 
perature is developed in the next cycle which 
shows a decreased intensity. Evidently com- 
bustion is more complete in the heated furnace. 
Curve 2 shows the trace for the M.15 ion with a 
cold furnace. Both the magnitude and phase of 
this trace indicate that the major component is 
attributable to electron dissociation of the meth- 
ane rather than to ionization of free methyl. At 
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the end of this trace the temperature was again 
raised, whereupon the M.15 ion gave off-scale 
deflections. The electron energy was therefore 
reduced by 2.25 volts and curve 3 obtained. 
A check of the M.16 ion at the reduced voltage 
gave no measurable deflection; hence we may 
be certain that no electron-dissociation fragment 
was contributing to curve 3. It is clear from the 
phase relationships of curves 1 and 3 that the 
methyl radical is most abundant in a zone be- 
tween the oxygen-rich and methane-rich zones. 

With the propane-oxygen flame there was no 
evidence of CH; production. 

In a formal sense both these results might be 
attributed to direct interaction of the hydro- 
carbon and oxygen which would yield: 


CH,+0.—-CH;+ HO; 
and 
C3;Hs+O.—-C3;H;+ HO.. 


The temperature coefficient of HO. formation, 
however, was slightly negative as compared with 
the high positive value qualitatively observed 
in the case of CH; formation, and although this 
might be attributed to greater instability of HO» 
at the higher temperatures, there would seem to 
be no valid reason at present for abandoning 
the Lewis and von Elbe scheme whereby methyl 
radicals are formed as a result of: 


OH + CH,—-CH;+ HO 
followed by 
CH3;+0.—-HCHO-+ OH. 


Here also we have to invoke a considerable 
thermal instability of formaldehyde, since this 
intermediate was found, as indicated above, to 
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possess a large negative temperature coefficient. 
Since, however, formaldehyde is assumed to react 
according to the equation. 


HCHO+0.—HCOO+0OH, 


a more rapid production of OH would result, 
and some of these would contribute to the methyl! 
formation. 


CONCLUSIONS 


It is evident to the author that the results 
summarized above should not be used as a 
basis for speculation regarding chemical processes 
occurring in combustion. However it is to be 
anticipated that by the utilization of recent 
advances in mass-spectrometric technique, the 
employment of wider diaphragms, deutero com- 
pounds, and negative ions in certain instances, 
and more systematic calibrations, a considerable 
body of otherwise unobtainable material may be 
accumulated. How far this will confirm or modify 
our present ideas on combustion is a question 
for the future. Some of the apparent disadvan- 
tages in the present apparatus, such as the 
destruction of surface-sensitive radicals in the 
diaphragm, may eventually turn out to be 
assets and assist in elucidating the important 
though still obscure role of surface reaction. 
Undoubtedly the spectroscopic method, in the 
few instances where it is applicable, is as yet 
simpler and more reliable than the mass-spectro- 
metric method. The latter, however, is capable 
of considerable development and should provide 
a useful means of studying the behavior of 
intermediates which offer little opportunity for 
study by any other method. 
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Values have been computed for the viscosity, thermal 
conductivity, and coefficient of self-diffusion of gaseous 
helium for temperatures below 200°K by application of 
classical scattering theory within angular regions where 
diffraction effects are absent. Values of classical total 
collision cross sections are obtained which are used to 
evaluate classical cross sections for viscosity, thermal 
conductivity, and self-diffusion appropriate to a Max- 
wellian gas. Numerical values of the transport properties 
are obtained by substitution of the appropriate classical 
cross sections into the exact transport property formulas 
of Chapman and Enskog. 
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In the region 200°—14°K, the average absolute devia- 
tions between calculated and experimental values are 1.9 
percent for viscosity and 4.6 percent for thermal con- 
ductivity. Extrapolation of calculated viscosity values to 
1.64°K appears to be justified on the basis of agreement 
with experimental values. It cannot be stated that similar 
extrapolation in the case of thermal conductivity is valid 
because of possible uncertainties in the experimental values 
between 3.95° and 1.62°K. Values of the self-diffusion 
coefficient have been calculated between 200° and 5°K, 
but experimental values are not available for comparison. 





VISCOSITY AND THERMAL CONDUCTIVITY 


N recent years the viscosity and thermal con- 

ductivity of helium gas at low temperatures 
have been calculated by applying the quantum 
theory of scattering to the computation of the 
appropriate transport cross sections. Massey and 
Mohr' were able to reproduce observed viscosities 
between 15° and 300°K with a maximum devia- 
tion of 7 percent, by treating the helium atom as 
a hard sphere with a diameter of 2.10A. In a 
later paper,’ they eliminated the undesirable 
feature of assuming an arbitrary hard sphere 
diameter by using an approximation to the 
Slater-Kirkwood interaction potential between 
two helium atoms.* The calculated viscosities in 
this case exceed the measured values by 6 percent 
at 300°K and by 22 percent at 15°K. Massey 
and Buckingham‘ assumed that the interaction 
potential was 1.30 times that computed by 
Slater and Kirkwood and computed viscosities 
in the range 0-26°K on the basis of Bose-Einstein 
and Fermi-Dirac statistics. Their values agree 
- within 3 percent above 15°K, but are in error 
by 16 percent at 4.23°K and by 36 percent at 
1.64°K. On the basis of a Lennard-Jones type 


1H. S. W. Massey and C. B. O. Mohr, Proc. Roy. Soc. 
Al41, 434 (1933). 

2H. S. W. Massey and C. B. O. Mohr, Proc. Roy. Soc. 
A144, 188 (1934). 

3J. C. Slater and J. G. Kirkwood, Phys. Rev. 37, 682 
(1931). 

4H. S. W. Massey and R. A. Buckingham, Proc. Roy. 
Soc. A168, 378 (1938); A169, 205 (1938). 
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potential deduced from equation of state meas- 
urements, Uehling and Hellund® were able to 
predict viscosities at 4.23°K and at 273°K within 
0.6 percent and 2.6 percent, respectively. A pre- 
vious calculation by Uehling® of viscosities in 
the range 15°-300°K, using a hard sphere model, 
gave results in agreement with those obtained 
by Massey and Mohr.! He also calculated thermal 
conductivities in the range 20°-320°K with the 
same model, but was unable to obtain agreement 
closer than 33 percent at the lowest temperature. 
Much better agreement, about 3 percent, was 
obtained by deBoer? who calculated thermal 
conductivities in the narrow temperature region, 
1.6°—2.8°K, using a Lennard-Jones form of poten- 
tial, although his value for the viscosity at 
1.64°K is in error by 25 percent. 

It is the purpose of the present paper to show 
that a proper application of classical methods 
can be used to calculate viscosities and thermal 
conductivities for helium in the range 14°—200°K 
with good accuracy, and possibly to obtain 
values down to 1.62°K by extrapolation. The 
method involves the calculation of classical trans- 
port cross sections, taking into account the 
range of interaction distance in which classical 
theory does not apply. These cross sections are 
then inserted into classical expressions developed 


5 E. A. Uehling and E. J. Hellund, Phys. Rev. 54, 479 
(1938). 

6 E. A. Uehling, Phys. Rev. 46, 917 (1934). 

7]. deBoer, Physica 10, 348 (1943). 
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by Chapman® and by Enskog® to obtain numeri- 
cal values of the transport properties as functions 
of temperature. 

Classical values for the cross sections effective 
in viscosity and thermal conductivity can be 
obtained from classical values of the total colli- 
sion cross section whose significance can be 
illustrated as follows: if a stream of N atoms 
per unit area per second impinges upon a single 
atom, the number of atoms from the stream 
deflected per second between angles © and 
+d0 is equal to 2tNG(Q)d0, where G(Q) is 
the solid angle scattering coefficient, and ©, the 
angle through which the direction of the relative 
initial velocity, v, of the colliding particles, is 
turned by collision. The use of the relative 
coordinates, 0 and 2, is equivalent to considering 
the single scatterer held fixed at all times, instead 
of free to move before and after collision. The 
classical total collision cross section, S, may be 
defined" !° as 


S= af G() sinOdo& 


6 


bata 
=e f bdb = ={b(0,) #2, (1) 
bat ©. 


where ©, is the critical relative angle below 
which classical theory does not apply. This 
angle may be set equal to \/(279) where dX is the 
de Broglie wave-length of the colliding system 
and ro the distance of closest approach of the 
center of a particle in the stream to the center 
of the scatterer. The wave-length, \, is equal to 
h/(uv) where h is Planck’s constant and yp the 
reduced mass of the colliding system. For like 
particles of mass m, uw is m/2. The defining 
equation for 6(@,), the impact parameter, is 


V (ro) 
1 -—— |e =[0(0,) ¥. (2) 
2hU" 


In the present application, the mutual potential 


energy at the distance of closest approach, 
V(ro) will be small compared with the relative 


*S. Chapman, Phil. Trans. Roy. Soc. A211, 433 (1912); 
A216, 279 (1915); A217, 115 (1917). 

*D. Enskog, Inaug. Diss. Upsala, 1917. 

” E. H. Kennard, Kinetic Theory of Gases (McGraw-Hill 
Book Company, Inc., New York, 1938), Chapter IIT. 
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kinetic energy, 3uv?, so that 7» will be nearly 
equal to b(0,). 

Since the critical angle, ©,., is small, it is 
permissible to use the small angle formula given 
by Kennard,!* namely 


*[V (re) — V(r) |rdr 
©. =2ro (wo) f — - (3) 





(r?—ro?)! 


Substituting ©,=h/(2uvro) into Eq. (3), 
obtain 





’ 
2 


* [V(re) — V(r) Jrdr 
v=4r,? nf : 


: (r? — 79") 


In order to calculate the classical total collision 
cross section, S, as a function of the relative 
velocity, v, it is necessary to express the potential 
energy V(r) as a suitable function of the separa- 
tion distance, r. Margenau" has computed such 
functions for helium by extending the calcula- 
tions of Slater and Kirkwood to include second- 
order exchange forces as well as dipole-quadrupole 
and quadrupole-quadrupole interactions. The 
potential which will be used for the present 
calculations is that given by Margenau in his 
1939 paper, with an additional small quadrupole- 
quadrupole term computed by him in the earlier 
paper. It has the form 


V(r) = | 7.706~+ 60r __ 5 6(e—5-33r 


0.0139 0.030 0.035 
a - -——|x10- erg, (5) 
a v8 yi0 





where 7 is in angstrom units. This function 
should be quite accurate for separation distances 
near the minimum, about 2.9A, and should yield 
accurate cross sections corresponding to distances 
not too far removed from this value. It is this. 
fact which limits the present calculations to an 
upper temperature limit of 200°K corresponding 
to a separation distance of 2.34A. Since the 
function in Eq. (5) was evaluated largely from 
theoretical considerations without recourse to 
experimental results on the equation of state or 
transport properties of helium, it seems preferable 
to limit the present calculations to temperatures 


"H. Margenau, Phys. Rev. 38, 747 (1931); 56, 1000 
(1939). 
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TABLE I. Classical total collision cross section of helium. 











ro, A v, 105 cm/sec. b(@c), A S, A 
2.30 3.18 2.28 16.33 
2.33 2.66 2.31 16.78 
2.35 2:2 2.33 17.09 
2.38 1.87 2.37 17.60 
2.40 1.60 2.39 17.97 
2.43 L.2o 2.45 18.87 
2.45 1.02 2.49 19.43 
2.48 0.729 2.61 21.37 
2.50 0.559 Lae 23.83 








below 200°K rather than to extend the range by 
empirical variation of the potential energy func- 
tion. Agreement between calculated and experi- 
mental values of viscosity and thermal con- 
ductivity will then tend to serve as independent 
confirmation of the accuracy of Margenau’s 
calculations. 
The potential given by Eq. (5) is of the general 
form 
ct 2 Ee 
V(r) = Ae~*" — Be-* ———— — (6) 
r 
Methods for evaluating the integral in Eq. (4) 
for a potential of this form have been worked 
out by Amdur and Pearlman” and by Kennard!° 
and lead to the result 


~——— Aat(2r9)8e-270 n= —} 
OE --("*) 
h n=0 n 


Bb}(2ro)'e—*” 














X——T'(n+})— 

(2aro)” h 

nmoo —} 

x'E (-1)" ) r(n+4) 

n=0 n # (2bro)” . 
4xK,C 4yK,D 42K,E (7) 
h(ro)*-!  h(ro)*! — h(ro)?-» 


where K,, K,, and K, may be computed from the 
general relation 








-4---(¢—-1+6,') 
K;= : for odd 7 
1°-3-- +4 
(6;1=1 if i=1 but otherwise =0), 
i tel (8) 
= — for even 1. 
2-4---4 2 


27. Amdur and H. Pearlman, J. Chem. Phys. 9, 503 
(1941). 
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The summations in Eq. (7) do not converge, 
but the first part of each series is an asymptotic 
expression for the contribution of the correspond- 
ing portions of the interaction potential to the 
relative velocity. By taking only the first few 
terms of each series, therefore, this portion of 
the relative velocity may be computed quite 
accurately for values of aro or bro greater than 
about 3. For example, in the present case, only 
two terms of each series are required for an 
accuracy better than 0.15 percent, since the 
values of arg and bro which are of interest lie 
between 7 and 14. 
Under these conditions, Eq. (7) reduces to 


To t A 
v= (=) _ 1)e~*re 


8a 
To 
-(= <) = —(Sbro— te 


4xK,.C _ 4yKy D 4sK.E 
~ h(re)* U ~ R(r)*- 1 ~ A(r)? 





(9) 


The calculation procedure may be outlined as 
follows: 


(A) Values of v are computed from Eq. (9) for given 
values of ro by substituting the numerical values of the 
constants as given in Eq. (5). 

(B) Since Eq. (9) is valid only for © = @,, the values of ro 
chosen in (A) are substituted into Eq. (2) to obtain values 
of b(@,). 

(C) The above values of 6(@,), as functions of v, are 
inserted into Eq. (1) to yield values of S as functions of v. 


A summary of such calculations for helium 
is given in Table I. 

In order to compute values of the viscosity, 7, 
and the thermal conductivity, K, it is necessary 
to obtain values for the classical cross section 
for viscosity and thermal conductivity, S,,x, as 
a function of the relative velocity, v. For hard 
spheres” the classical total collision cross section 
is given by 


s=2rf G(O) sinOdO 
0 


= 25 f (i792) sin@dO =r,” (10) 
0 


and the classical cross. section for viscosity and 
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thermal conductivity by 


Se cent ft G(@) sin?'Ode0 


=2rf (4707) sin*@dO = are. (11) 
0 


It will be assumed that, for any given value of 2, 
the above ratio of S,«/S=% holds for particles 
which do not possess a hard sphere interaction 
potential. Actually, this assumption is implied 
in the concept of equivalent hard sphere diameters 
which depend upon the relative velocity. Since 
it is possible to represent the results of Table | 
with an average absolute deviation of 0.8 percent 
and a maximum deviation of 1.6 percent by the 
relation 


5.06 x 10° 
S=14.70-+——————_ A? (v in cm/sec.), (12) 


Uv 


the dependence of S,, x upon v will be given by 


3.37 X 10° 
S.x=9.004-—————— At. (13) 





v 


For a single gas, the classical expression for the 
viscosity is® ® 
5 (1+6)(*MRT)? 


7=— ’ 14 
16 NQ,.« ies 





where M is the molecular weight, R, the gas 
constant per mole, N, Avagadro’s number, and 
Q,,x, the classical cross section for viscosity and 
thermal conductivity for a Maxwellian gas at 
temperature, 7, defined by 


M* ? 


Q,. x =——— 


_— a ae (15) 
512R‘T* 


The quantity ¢« is 0 for a gas whose molecules 
possess an inverse fourth power repulsive poten- 
tial (inverse fifth power repulsive force) and 
0.016 for a gas of hard spheres. The latter value 
will be used as the more suitable approximation 
for helium. If the expression for S,,« given in 
Eq. (13) is substituted into Eq. (15) with appro- 
priate numerical values for the constants, evalua- 
tion of the integral gives the dependence of Q,, x 
in the form 


(16) 





The final equation for y is obtained by com- 


bining Eqs. (14) and (16) to give 


1.16X10°7T g¢g 
n= . (17) 
2.10+T7? sec. cm 





For a monatomic gas, the thermal conductivity, 


TABLE II. Comparison of calculated and observed values of viscosity and thermal conductivity. 





























Nexp X10° Teal X105 sani Kexp X105 Keay X105 AK 
kaw 
T Qn, K & g Nex cal cal Kexp 

(°K) (A?) (—*-) (—*—) (%)> fay ye, (SE 8, (%) 
200 16.87 14.960 14.29 4.5 

194.6 16.91 26.09 26.6 2.0 
190 16.93 14.460 13.88 4.0 

180 17.00 13.950 13.45 3.6 

170 17.06 13.430 13.02 3.0 

160 17.13 12.900 12.58 2.5 

150 17.21 12.365 12.12 2.1 

140 17.30 11.815 11.66 1.4 

130 17.40 11.255 11.17 0.8 

120 17.51 10.680 10.67 0.1 

110 17.64 10.095 10.14 0.4 

100 17.78 9.470 9.59 1.3 

90 17.95 8.845 9.01 1.9 

89.4 17.96 16.5 16.9 2. 

80 18.14 8.205 8.41 2.5 

76.3 18.23 14.6 15.2 4. 
20.9 21.44 6.35 6.83 7. 
20.38 21.52 3.523 3.51 0.4 
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K, may be written 
| 
K=(1+ ance, (18) 


where c, is the specific heat at constant volume 
which will be set equal to 3R/2M. The value of 6 
lies between zero, for a gas with an inverse 
fourth power repulsive potential, and 0.01, for 
a gas of hard spheres. The hard sphere value 
will be used, as in the case of viscosity, so that, 
upon inserting values for R and M, 
cal 
K =1.88y —-————— (19) 
sec. cm deg. 


g 
where 7 is in ————. 
sec. cm 





In Table II values of y and K, calculated from 
Eqs. (17) and (19) are compared with experi- 
mental viscosity values of van Itterbeek and 
Keesom™ (1.64°-20.38°K) and of Johnston and 
Grilly'* (80°-200°K), and with experimental 
thermal conductivity values of Ubbink and 
de Haas!® (1.62°-89.4°K) and of Eucken!'® 
(194.6°K). In the range 1.62°-4.23°K, calculated 
values appear in parentheses since they represent 
extrapolations beyond the region of demonstrable 
validity of Eq. (3), the small angle formula 
which is the basis of the present calculations. 

Above the extrapolated region, the average 
absolute deviation of the calculated 7 values is 
1.9 percent and that of the calculated K values, 
4.6 percent. It is interesting that the agreement 
of the extrapolated thermal conductivities is 
considerably poorer than that of the extrapo- 
lated viscosities. This may be due to several 
causes, such as low experimental KA values, 
appreciable departure of c, from the ideal gas 
value of (3/2)(R/M), or failure of the relation in 
Eq. (18). In the opinion of the author, it is 
quite likely that the experimental values are low 
since the helium pressures (1-4 mm) in the 
thermal conductivity apparatus may well have 


13 A. yan Itterbeek and W. H. Keesom, Physica 5, 257 
1938). 
‘ 14 HL L. Johnston and E. R. Grilly, J. Phys. Chem. 46, 
948 (1942). 7 
16]. B. Ubbink and W. J. de Haas, Physica 10, 465 


(1943). sa 
16 A, Eucken, Physik. Zeits. 12, 1101 (1911). 
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been insufficient to yield pressure independent 
values of K. In fact, Ubbink and de Haas state 
that, in the liquid helium temperature region, 
they were unable to test their measured values 
properly for pressure independence. Although 
extrapolation seems justified for viscosity, addi- 
tional experimental results on the thermal con- 
ductivity below 4°K appear necessary to deter- 
mine the validity of extrapolation in the case 
of thermal conductivity. 


COEFFICIENT OF SELF-DIFFUSION 


Although experimental values of the coefficient 
of self-diffusion of helium are not available, it 
seems desirable, for the sake of completeness, to 
obtain calculated values by procedures similar 
to those used for viscosity and thermal con- 
ductivity. 

The classical expression for the coefficient of 
self-diffusion, D(1, 1), is®9 


3 (1+6)(*MRT)! 
D(i,1)=- ' (20) 
8 = NpQoa,1 


where e¢ is the small correction term previously 
encountered in the expression for 7, p, the gas 
density in grams per unit volume, and Qpq,, », the 
classical cross section for self-diffusion for a 
Maxwellian gas at temperature T defined by 





M?* " 
on 0m oer J, PSpa, ye MlARMdy, (21) 


The classical cross section for self-diffusion, 
Spdi,1, which appears in Eq. (21) is given, for 
hard spheres, by! !° 


: 9 
Spa, j= an f G(Q) anit sin@dO 
0 


" e) 
= an f (470?) oat sin@dO = 3re?, (22) 
0 


and since it will be assumed that the hard sphere 
ratio, Spa,»/S=}, is valid for helium, the de- 
pendence of Spa,1) upon v is obtained simply 
from Eq. (12) in the form 


2.53 X 108 
Spa, 1) = 7.35 +——__—_ A?, (23) 
v 


dent 
state 
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TABLE III. Calculated values of the self-diffusion coefficient 
at 1 atmos. 








Qp(1,1) A? 


17.30 0.687 
17.45 0.582 
17.61 0.483 
17.81 0.391 
18.07 0.306 
18.39 0.229 
18.82 0.160 
19.46 0.100 
20.53 0.0518 
22.95 0.0164 
24.22 0.0101 
(26.37) (0.00504) 
(31.20) (0.00151) 


D(1, 1), em?/sec. 











where v is in cm/sec. Upon combining Eqs. (23) 
and (21), inserting values for R and M, and 
integrating, the following relation is obtained 


for Qpa, 1): 

_. 36.89 
Qoa, 1») = 14.70+—_ A, (24) 

/ T 
If Eq. (24) is combined with Eq. (20), with ¢ set 
equal to 0.016, the final relation for D;,; becomes 

1.39X10>°T cm? 

D(1, 1) = —aes (25) 
pL2.51+(T)?] sec. 


where p is in g/cc, or 
2.89 10°77? cm? 
~ P2.51+(T)*] sec. 
where P is in dynes/cm?, since p=PM/RT. 
Values of Qpu, 1) computed from Eq. (24) and of 


D(1, 1) computed from Eq. (26) for P =1.01 x 10° 
dynes/cm? (1 atmos.) are listed in Table ITI. 








D(i,1 (26) 





















THE JOURNAL OF CHEMICAL PHYSICS 


“Structure” in Liquids and the Relation between the Parameters of the Arrhenius 
Equation for Reactions in the Condensed Phase’ 


VOLUME 15, NUMBER 7 


Cuas. E. WARING? AND PAUL BECHER? 
Research Laboratory of Physical Chemistry, Polytechnic Institute of Brooklyn, Brooklyn, New York 


(Received August 19, 1946) 


On the basis of the liquid state being quasi-crystalline, a modification of the transition 
state theory leads to a simple equation for the temperature dependence of the fluidity, which 
involves a characteristic frequency of molecular vibration. The parameters of the fluidity 
equation are shown to have a linear correlation for certain liquids. The quasi-crystalline 
picture is then extended to a simple collision theory of uni- and bimolecular reactions in 
solution, and it is shown that the known correlation of the parameters of the Arrhenius equa- 


tion arises from the fluidity correlation. 





I. INTRODUCTION 


N recent years, increasing emphasis has been 
placed on the concept of “‘structure’’ in the 
liquid state. This train of thought was initiated 
by the discovery of the x-ray diffraction of liquids 
by Debye and Scherrer and in the hands of 
Debye,’ Zernike, Prins® and others, this concept 
has received its mathematical formulation. 
Eyring and his co-workers® and Lennard-Jones 
and Devonshire’ have extended it to predict and 
explain many properties of the liquid state. 

It is the purpose of the present paper to utilize 
such a model of the liquid state to explain certain 
phenomena connected with the kinetics of simple 
non-ionic reactions* in solution. To do this it is 
necessary first to discuss the effect of the 
structural*concept in relation to the viscosity (or 
better, “‘fluidity’’) of liquids. 


1 Presented in a preliminary form before the Division of 
Physical and Inorganic Chemistry of the American Chem- 
ical Society, 103rd Meeting, Memphis, Tennessee, April 
20-24, 1942. Publication delayed by military service. 

2 Present address: Department of Chemistry, University 
of Connecticut, Storrs, Connecticut. 

3 This paper is from the thesis submitted by Mr. Paul 
Becher to the Graduate Faculty of the Polytechnic Insti- 
tute of Brooklyn in partial fulfillment of the requirements 
for the degree of Master of Science in Chemistry, June, 
1942. 

4P. Debye, Physik. Zeits. 31, 348 (1930). 

5F. Zernike and J. A. Prins, Zeits. f. Physik. 41, 184 
(1927); J. A. Prins, ibid. 56, 617 (1929); Naturwiss. 19, 435 
(1931). 

6H. Eyring, J. Chem. Phys. 4, 283 (1936); J. F. Kincaid 
and H. Eyring, ibid. 6, 620 (1938); R. H. Ewell and H. Ey- 
ring, ibid. 5, 726 (1937). Also, S. Glasstone, K. J. Laidler, 
sad H. Eyring, Theory of Rate Processes (McGraw-Hill 
Book Company, Inc., New York, 1941). 

7 J. E. Lennard-Jones and A. F. Devonshire, Proc. Roy. 
Soc. A163, 53 (1937); 165, 1 (1938). 

* By a “simple non-ionic reaction”’ is meant one in which 
(all things being equal) the rate of reaction is independent 
of the dielectric properties of the solvent. 
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II. THE FLUIDITY OF LIQUIDS 


Imagine that there exists in the liquid a quasi- 
crystalline lattice, exhibiting short range order. 
The lattice is, to be sure, imperfect, but it is 
these very imperfections which can be considered 
to be characteristic of the liquid state. Further 
imagine that, in this quasi-crystalline lattice, the 
molecules are vibrating with characteristic fre- 
quencies, which, for the sake of simplicity, will be 
assumed to be harmonic and all the same for a 
given liquid. 

Now, because of the imperfections of the 
lattice, next to any given molecule there may 
exist a vacant lattice-site. While the molecule is 
vibrating with a small amplitude, a translation to 
this neighboring site is not possible, but if the 
amplitude of vibration should increase (increased 
energy), then, at a certain critical amplitude the 
vibration goes over into a translation, and the 
molecule occupies the next lattice site. The 
energy required for this jump is (harmonic 
vibration), 


e=27’mv'q2, (1) 


where m is the mass of the molecule, » is the 
characteristic frequency, and gq, is the critical 
amplitude. 

In the absence of any external shear, there will, 
of course, be an equal likelihood that this shift in 
lattice position will take place in all possible 
directions of the quasi-lattice. However, when a 
shearing force is applied, there will be an excess 
of jumps in the direction of shear, and flow 
occurs. Since, for Newtonian liquids at least, the 
shearing force will not affect the energy require- 
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ments for such a lattice jump, the energy of 
Eq. (1) is evidently the activation energy for 
flow, and may now be designated ¢, or per 
mole, Eg. 

The foregoing considerations can now be given 
a more precise mathematical form. In terms of 
the transition state theory, Eyring® has indicated 
that the fluidity of a Newtonian liquid may be 
given by 


¢=(V/hN)-(Ft/F) exp(—E4/RT), = (2) 


where @ is the fluidity, V the molar volume, Ft 
and F, the partition functions of the activated 
and unactivated molecules, respectively, and Ez, 
the activation energy of flow, which may be 
considered to have the form of (1). NV, h, R, and T 
have the usual meanings. 

Now, Eyring has considered that Ft and F 
differ only in the translational portions of the 
partition function, and is thus led to an expres- 
sion for the fluidity which involves a free volume 
per molecule, which then has to be calculated— 
a not too simple problem. However, from the 
considerations indicated above it would appear 
more likely that they differ in the vibrational 
partition functions. If this is taken tobe the case, 
Eq. (2) will take the form 


o= Vv/NkT exp(—E;/RT) 
= Vv/RT exp(—E,/RT), (3) 


where, of course, £, is defined in terms of 
Eq. (1).** 

As yet nothing has been said about the nature 
of the vibrational frequency alluded to in Eqs. (1) 
and (3), except to describe it as the frequency 
with which the molecule executes harmonic 
vibrations about its equilibrium position in the 
quasi-crystalline lattice. It is desired to give an 
absolute value to this frequency. It may, in fact, 
be readily calculated by an extension of our 
picture of the liquid state. 

Debye’s® modification of the Einstein® specific 
heat theory of crystalline substances supposes 
that the 3N vibrations of the N particles which 
make up the lattice are the first 3N overtones of a 





“It is perhaps significant to point out that Eyring does 
not totally disregard the possibility that the different 
Partition function is the vibrational one; this possibility is 
mentioned in the first paper listed in reference (6). 

*P. P. Debye, Ann. d. Physik 39, 789 (1912). 

* A. Einstein, Ann. d. Physik (4), 22, 180 (1907). 
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continuous solid with the same elastic constants 
as the crystal. Hence, the 3Nth frequency is 
given by 

vp = C(3N/4rV)}, (4) 


where C is of the nature of an average velocity of 
sound in the medium (average because of the 
possibility of transverse as well as longitudinal 
waves), and V is the volume. For our purposes, 
we may assume that all the particles have the 
same frequency, given by Eq. (4). This is not 
unjustified; the most probable frequency of a 
real crystal has nearly that value. 

Thus vp, as defined by Eq. (4), is identified 
with the vibrational frequency of the molecules 
in the quasi-crystalline lattice. One simplification 
results in the application to the liquid state ; since 
a liquid will not support transverse vibrations, C 
is no longer an average velocity of sound in the 
medium, but is equal to the experimentally 
measured value of the velocity of sound in the 
liquid. This enables one to calculate the fre- 
quency of vibration of the molecule if the 
velocity of propagation of sound in the liquid, 
and the molar volume are known. 

We now have the value of every parameter in 
Eq. (3) except q., the critical amplitude. In 
principle, it should be possible to estimate this 
parameter from a knowledge of the molecular 
volume and from a knowledge of the x-ray 
diffraction pattern of the liquid. In practice, 
however, because of the asymmetry of the mole- 
cules, the problem is a fairly complex one. Since 
the assumption of harmonic motion has intro- 
duced an element of uncertainty in any case, it is 
perhaps futile to attempt this calculation, which 
would, at best, still be an estimate. 

The equation, however, may be tested quite 
critically in another way. Since we can determine 
experimentally values for E,, the activation 
energy of flow, we may assume a reasonable value 
for g. and calculate the frequency from Eq. (1), 
that is 

ve =(E4/2x°mg?N)' (5) 


(where we have written the frequency with the 
subscript E to indicate the manner of calcula- 
tion). If our choice of g. has been correct, then vz 
should equal vp. Now, it is very reasonable to 
assume that g- will be about the same for most 
substances, hence if the same choice of g, gives 
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good agreement between vg and vp for a number 
of substances, we may feel that the theory has 
been rather critically tested. 

In Tables I and II the results of such a calcula- 
tion are set forth. For alcohols, a value of 0.75A 
has been used; this could be approximately a 
hydrogen bond radius. For other types of liquids 
a value of 0.50A appears to be of the correct 
order of magnitude. The agreement between vz 
and yp is seen to be quite good, certainly better 
than the usual ‘order of magnitude.’ Thus, it 
should be readily possible to calculate the energy 
of activation of flow for most liquids to within 
less than 15 percent, using a value of about 0.50A 
for the critical amplitude of vibration and the 
experimentally determined velocity of sound in 
the liquid. 

It is of interest to note that Simha,!° pro- 
ceeding on a somewhat different concept of the 
flow process, has derived a similar expression for 
the temperature dependence of the fluidity, 
differing only in the inclusion of a packing factor. 


III. RELATION OF THE PARAMETERS 
FOR FLUIDITY 


The form of Eq. (3) may be experimentally 
verified in a rather interesting manner. A dis- 
cussion of the significance of this result will be 
deferred, however, until later in the paper. 

Equation (3) may be written 


¢=B exp(—E,/RT), 


in which form it is the familiar semi-empirical 
equation suggested by -Arrhenius" and de 
Guzman.” 

Comparison of the above equation with Eq. (1) 
shows that 


B=f(v) 


Es=F(v’), 


and 


from whence it would appear that, for a series of 
liquids, a relationship should exist between B and 
Ey. A plot of logB vs. E, does, indeed, yield a 
straight line for various groups of liquids—a 
functional relationship which has not previously 


10R. Simha, J. Chem. Phys. 7, 302 (1939). 

11S. Arrhenius, Meddel. Vetenskapsakad. Nobelinst. 3, 
20 (1916). 

2 J. de Guzman, Anal. Soc. Espan. Fis. Quim. 11, 353 
(1913). 
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been demonstrated. It should be noted, however, 
that the actual form of the relationship is not an 
immediate consequence of the equations given, 
even assuming the relative constancy of g-. While 
to this extent the relation is somewhat accidental, 
this is unimportant; it is that the relation does in 
fact exist that 7s significant. 

In Fig. 1 this relation is demonstrated for a 
number of alcohols, while in Fig. 2 it is shown to 
exist for aliphatic acids. From its partially acci- 
dental nature, this relationship does not neces- 
sarily have to be restricted to members of a 
homologous series, as is shown in Figs. 3 and 4, 
the latter showing two such correlations. It 
should be noted that iodobenzene and _nitro- 
benzene do not fit these correlations.*** 

It has been demonstrated that the temperature 
dependence of fluidity of a mixture of simple 
liquids can be accurately represented by Eq. (3). 
Consequently, we felt it reasonable to assume 
that in the case of a binary mixture, the effective 
frequency reflected in the energy of fluidity 
through Eq. (3) would be of the nature of an 
“average’”’ frequency. Thus, it would vary slightly 
with concentration, and we should expect to find 
a similar correlation existing between various 
concentrations of binary mixtures. This is shown 
in Figs. 5-7 for the systems benzene-ethanol, 
water-acetone, and water-ethanol, respectively. 
The existence of this correlation has also been 
verified for many more mixtures over a large 
range of logB and £, values, but space con- 
siderations forbid their representation here. 

By extension, this correlation should also hold 
for ternary systems, and that this is indeed the 
case is shown in Fig. 8 for the system water- 
acetone-ethanol. 


IV. REACTIONS IN A QUASI-CRYSTALLINE 
SOLVENT 


A. Unimolecular Reactions 


Let us now consider the rates of unimolecular 
reactions in solution from the point of view of the 
solvent as quasi-crystalline. 

Consider a dilute solution of a molecules of 
reactant A in b molecules of an inert solvent 
B, b>a. Since the solution is dilute, each mole- 


*** The reasons for the choice of these particular liquids 
will appear presently. 
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cule of A is effectively isolated and will be sur- 
rounded by a crystal coordination sphere of n 
solvent molecules B(6<”<12). Assume that the 
position of each molecule A relative to the equi- 
librium positions of the solvent molecules is fixed ; 
then any collisions which take place will occur as 
a result of the lattice vibrations of B. Further, one 
may assume that collisions may only take place 
when the vibrational energy of the B molecules is 
such that the amplitude of vibration is very 
nearly that which would cause the molecule to 
tear itself from its lattice point (Eq. (1)). These 
molecules will then possess an energy which is a 
definite fraction of the activation energy of flow, 
i.e., Ey’ =cEy,0<o0<1. In general, one may take 
o~1(E,’= Ey). 

Now of the ” molecules surrounding each 
molecule A, only » exp(—£,’/RT) will, there- 
fore, have sufficient energy to collide with the 
reactant molecule at the extreme of its vibration, 
and since the molecule is vibrating with a fre- 
quency », there will be nv exp(—E,’/RT) such 
collisions per second for each A molecule. Thus 
the total number of collisions taking place be- 
tween solvent and reactant molecules per second 


will be 
Zap=anv exp(—E,'/RT), (6) 


where Zz is clearly the collision number for the 
solution. 

From the theory of unimolecular reactions" it 
is immediately clear that only those collisions in 
which more than a certain critical energy (the 
activation energy) is distributed among a specified 
number of internal degrees of freedom contribute 
to the reaction. Thus, the number of collisions 
leading to reaction per second is 


df Egy 8 E, 
Zs _ Rg eS ) ex _ ) 
(S—1)!\RT RT 


anv E,’ E, 
= exp( -—) exp( - ) 
(S—1)! RT RT 


Ss ae obs /R7 7 


R. H. Fowler and E. A. Guggenheim, Statistical 
Thermodynamics (Cambridge University Press, England, 
1939), Chapter XII, especially pp. 519-530. 


TABLE I. Calculated vibrational frequencies in alcohols. 
gc=0.75A 








Compound *D ms 7 at "E ta 
Methanol 0.173 0.172 
Ethanol 0.164 0.168 
Propanol 0.155 0.166 
Butanol 0.152 0.152 


Pentanol 0.149 0.151 











where E.1;=E,4’+£, is the observed activation 
energy, and where &, is the activation energy 
which the reaction would require if it were 
carried out in the gas phase, with all solvent 
effects removed. The observed change in activa- 
tion energy for the same reaction from solvent to 
solvent is thus explained as the effect of the 
contribution from E,’. ; 

Equation (7) therefore represents the number 
of A molecules which react per second. 

Now, by definition, for a unimolecular reac- 
tion of the first order 


—d(A)/dt=k,(A), (8) 


where (A) is the concentration of A in moles per 
liter. Now, it may readily be shown that 


(A) =10°a/bV z, (9) 


where Vz is the molar volume of the solvent. 
Substituting Eq. (9) in (8), we obtain 


—da/di=k,a. (10) 
It is evident that the left-hand side of Eq. (10) 


represents the number of molecules reacting per 


TABLE II. Calculated vibrational frequencies in 
various liquids. 
g:=0.50A 








¥ p (Velocity of sound) 
x<10-" 


"RE (Fluidity) 
Compound X10718 
Chloroform 0.106 0.111 
Ether 0.113 0.133 
Chlorobenzene 0.148 0.125 
Nitrobenzene 0.169 0.142 
Benzene 0.155 0.165 
Aniline 0.196 0.218 
Toluene 0.117 0.137 
Ethylbenzene 0.143 0.130 
Acetone 0.150 0.104 
Carbon tetrachloride 0.105 0.113 
n-Hexane 0.115 0.128 
n-Heptane 0.115 0.126 

















492 C. E. WARING 





n-pentanol of 
) ee 


~ \so-propand 







YOn -butanol 
n-propano! 


2- propen- | -ol 











$s} 


Fic. 1. Fluidity correlation for alcohols. 
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Fic. 2. Fluidity correlation for aliphatic acids. 


second, hence the number of collisions leading to 
reaction per second. It is thus equal to the ex- 
pression in Eq. (7). Substituting, one obtains 


n 


(=) ‘p(—Eus/RT), (11) 
ye €Xp\ — obs ’ 
—1) NRT ii 


S 





a surprisingly simple result for the rate constant 
of unimolecular reactions in solution. 


B. Bimolecular Reactions 


Bimolecular reactions in a quasi-crystalline 
solvent may be treated in a similar fashion. As- 
sume that there are a molecules A and } molecules 
B of reactant dissolved in c molecules of an inert 
solvent C(c>a~b). 

Consider now an A molecule surrounded by a 
other molecules. The chance that one of these is a 
B-molecule (condition for reaction) is (approxi- 
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mately) bn/c.t For the a molecules A, 


a(bn/c), 
such pairs exist. 

Now one may assume (if the masses of all the 
molecules are very nearly equal) that the vibra- 
tional frequency of the solvent is ‘‘impressed”’ on 
the reactant, or, alternatively, that an ‘‘average”’ 
frequency will predominate. This frequency may 
in any case be designated vc. There are then 
(ab/c)nve vibrations per second between A and B 
molecules of which 


Zapc) =(ab/c)nve exp(—E,4’/RT) (12) 


will lead to collision, and where E,’, as before, is a 
definite fraction of the activation energy of flow 
for the solvent, and where Z,42,c¢) is the collision 
number of A and B molecules in solvent C. 

It will be observed that the above equation for 
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Fic. 3. Fluidity correlation. 
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Fic. 4. Fluidity correlation. 
+ Exactly, of course, the probability would be (b/a+) 
+c)n; but we have assumed that c is much larger than 4 
or b. In fact, for a 0.01M solution, c would be about 


10%a (or Db). 
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the collision number is completely symmetrical, 
and that, had one started from a consideration of 
the probability of finding an A molecule in the 
coordination sphere of a B molecule, exactly the 


the : ; 
hie. same expression would have been obtained. 
oe From the considerations of the previous section 
ge” it is clear that the number of collisions leading to 
ay reaction per second is then given by 
then (ab/c)nve exp(— E,4'/RT) exp(—E./RT) 


id B =(ab/c)nve exp(—Euws/RT). (13) 


From Eq. (9) and the definition of a bimolecular 
(12) reaction of second order one has 


. —da/dt= —db/dt=k2(103/cVc)ab. (14) 
flow Combining Eqs. (13) and (14) 
ision ke=(nVeve/10*) exp(—Eons/RT). (15) 











Fic. 7. Fluidity correlation water+wt. % ethanol. 





This leads to the somewhat surprising result that 
all bimolecular reactions measured in a given 
solvent should have approximately the same 
value of the non-exponential term of the Arrhenius 
equation, although the relative magnitude of the 
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Fic. 8. Fluidity correlation system: water-acetone- 
ethanol. Composition of solution: 400 grams of water made 
up to one liter by adding acetone and ethanol. Points indi- 
cate weight percent of acetone in mixture. 








forces between the various types of molecular 

species would be a complicating factor. Unfortu- 
, nately, the experimental data recorded in the 
Ey literature is somewhat too meager to justify a 
decision, although it would appear that this is 
approximately the case. 
~~ It should be mentioned that Rabinowitch," by 
considering the conditions imposed by the 
necessity of an A molecule diffusing into prox- 
imity to a B molecule, has arrived at a somewhat 
similar formulation: the assumption that v~vp 
is made in the estimation of an order of magnitude. 








Fic. 5. Fluidity correlation ethanol + wt. % benzene. 











V. RELATION OF THE PARAMETERS OF 
THE ARRHENIUS EQUATION 
Both Eqs. (11) and (15) may be written in the 


form 
b/at+b ie ; 
ay ot a k=A exp(—Ew:/RT), 


ye about 











Fic. 6. Fluidity correlation water+vol. % acetone. . Rabinowitch, Trans. Faraday Soc. 33, 1225 (1937), 
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log A 














obs 


Fic. 9. Decomposition of benzene diazonium chloride. 


which is the Arrhenius equation for the tempera- 
ture dependence of the rate constant. Now, ex- 
amination of both equations yields the interesting 
result that 


A=f(vc) 
and 
Ewve= F(vc’). 


Therefore, the changes in £,,, and A for a given 
reaction measured in a series of solvents is 
entirely due to the change of solvent; further, it 
is to these very changes that we have ascribed the 
correlation of parameters of the fluidity equation 
(Eq. (3)). It may therefore be expected that if a 
correlation exists between the parameters of the 
fluidity equation for a group of solvents, a similar 
correlation will exist between the parameters of the 
Arrhenius equation for a given reaction studied in 
these solvents. 

That this is actually the case may readily be 
shown. Figure 9 shows the correlation between 
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Fic. 11. Decomposition of benzylhydroxy triazolecarboxylic 
acid ester. 


logA and E,; for the decomposition of benzene 
diazonium chloride in a series of alcohols and 
acids’® (cf. Figs. 1 and 2). In Fig. 10 is shown the 
correlation for the decomposition of acetone- 
dicarboxylic acid!* in a series of alcohols (cf. 
Fig. 1). Figure 11 indicates the correlation 
for the decomposition of benzylhydroxytriazole 
carboxylic acid ester? in a number of solvents 
(cf. Fig. 3). All of the above are unimolecular 
reactions. 

We now turn to the case of bimolecular reac- 
tions, where the same effect is to be expected. 
This is shown in Fig. 12 which gives the correla- 
tion for the reaction between pyridine and 
methyl iodide'® for a large number of solvents. 





nitrobenzene 
benzonitrile 


@ iodobenzene 





35 oO 


InA 


300 


iso-butanol 





| 











22500 





Fic. 


2900 


Eobs 


200 


10. Decomposition of acetone dicarboxylic acid. 











bromobenzene 
~ im - 

(O—O'Tlorobenzene es ion 
<x mesitylene 
= anisole dioxane - ‘hails - 
2 benzene 

— chloroform 
3. o}— 
| soprepy! ether | 
13500 14000 14500 


Eobs 


Fic. 12. Reaction of pyridine and methyl iodide. 


16 Chas. E. Waring and J. Abrams. J. Am. Chem. Soc. 63, 


2757 (1941). 
sa ee eee 596 
1930). 
, 2: Dimroth, Annalen 373, 367 (1910). 


18 N. J. Pickles and C. N. Hinshelwood, J. Chem. Soc. 
1936, 1353. 


~~ oe 


As 


q05 A f& 


Fi 


an «| 





oxy lic 


nzene 
; and 
n the 
‘tone- 
s (cf. 
lation 
iazole 
vents 
ocular 


reac- 
ected. 
wrrela- 
and 
vents. 


- 








de. 


Soc. 63, 
34, 596 


ym. Soc. 


‘“*STRUCTURE’’ IN LIQUIDS 


Comparison of this plot with Fig. 4 provides a 
striking verification of our predictions. For 
example, attention was called to the fact that 
iodobenzene and nitrobenzene failed to correlate 
with the other liquids presented in Fig. 4. It is 
significant, therefore, that the reaction between 
pyridine and methyl iodide in these two solvents 
does not exhibit the same functional relationship 
as it does in those liquids in which the fluidities 
correlated. Unfortunately, no data for the 
variation of fluidity with temperature was avail- 
able for benzonitrile and isopropyl ether. 

Next is shown in Fig. 13 the correlation for the 
same reaction in a set of binary solvents" (cf. 
Fig. 5). Figures 14 and 15 represent the correla- 
tion of logA and E£,1, for the hydrolysis of benzoic 
and m-nitrobenzoic esters?® in water-acetone 














obs 


Fic. 13. Reaction of pyridine and methyl iodide in benzene 


+wt. % ethanol. 














15000 
Eobs 


Fic. 14. Hydrolysis of benzoic ester in water 
+vol. % acetone. 


*R. A. Fairclough and C. N. Hinshelwood, J. Chem. 
Soc. 1937, 1573. ° 
*R. A. Harman, Trans. Faraday Soc. 35, 1336 (1939). 
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Fic. 15. Hydrolysis of m-nitrobenzoic ester in water 
+wt. % acetone. 
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Fic. 16. Hydrolysis of benzoic ester in water 
+vol. % ethanol. 
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Fic. 17. Hydrolysis of m-nitrobenzoic ester in water 
+vol. % ethanol. 


mixtures (cf. Fig. 6); while Figs. 16 and 17 show 
the same reaction in water-ethanol mixtures 
(cf. Fig. 7). 

Figure 18 shows the correlations for the 
alkaline hydrolysis of benzoic ester in a set of 
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Fic. 18. Saponification of ethyl benzoate in water-acetone- 
ethyl alcohol mixtures. 


ternary mixtures of acetone-ethanol-water”*! 


(cf. Fig. 8). 


aR. A. Fairclough and C. N. Hinshelwood, J. Chem. 
Soc. 1937, 538. 
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AND HARKINS 


The existence of the correlation for the 
Arrhenius equation has, of course, been empiric- 
ally known for some time (see, for example, 
references (19) and (21)), and it has been sus- 
pected that it was a solvent effect. It is quite 
satisfying to be able to derive it so simply from 
the concept of the quasi-crystalline liquid. 
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Solubilization by Solutions of Long-Chain Colloidal Electrolytes* 
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George Herbert Jones Chemical Laboratory, University of Chicago, Chicago, Illinois 


Increase in the concentration of a soap or other detergent does not increase the solubility 
of an oil above that in water until the critical concentration for the formation of micelles (cmc) 
is attained. Above this the solubility, designated as solubilization, increases and, in general, 
more rapidly as the soap concentration increases; i.e., per mole of soap the solubilization is 
greater in a 25 percent than in a 5 percent soap solution. For a homologous series the volume 
of oil solubilized at a constant temperature is to a first approximation inversely proportional 
to the molar volume. The polarity and shape of the molecules solubilized also play a role. 
Salts increase the extent of the solubilization; at low concentrations to an extent which may 
be accounted for by the increase in micellar area resulting from the depression of the cmc by 
the salt. At higher soap concentrations the increase in solubilization is greater than can be 


accounted for in this way. 


I. INTRODUCTION 


NE of the most outstanding properties of 

solutions of long chain colloidal electrolytes, 
inclusive of soaps and many other detergents, is 
their ability to solubilize various organic sub- 
stances. This property, utilized commercially 
since 1874, is of fundamental importance both in 
their use as detergents and in emulsion poly- 


* This investigation was carried out under the sponsor- 
ship of the Reconstruction Finance Corporation, Office of 
Rubber Reserve, in connection with the Government’s 
synthetic rubber program. 


merization.! Engler and Dieckhoff'* made very 
early, by the use of visual observations, a dis- 
tinction between true solution and solubility in a 
detergent. Pickering,? in 1917, found that oils 
dissolve in concentrated soap solutions. Smith,’ 


1a G. Link in Friedlander’s Fortschritte der Teerfarben- 


fabrikation (1877-88), Vol. I, p. 11. 
b’F. Von Heyden, D.R.P. 57842 (1890). 
( ¢C. Engler and E. Dieckhoff, Arch. Pharm. 230, 561 
1892). 
4G, A. Rappenstrauch, Ibid. 229, 201 (1891). 
eR. Otto, Ber. 27, 2131 (1894). 
fF, Nottbrack, Chem. Ztg. 32, 100 (1908). 
2S. U. Pickering, J. Chem. Soc. 111, 86 (1917). 


3E, L. Smith, J. Phys. Chem. 36, 1401, 1672, 2455 (1932). 
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SOLUBILIZATION 


McBain,‘ and others have determined the solu- 
bility of oils, dyes, etc., in soap solution as well as 
the effect of salts on solubilization. However, 
their work is concerned largely with the solu- 
bilization of water insoluble dyes, and apparently 
there exist no published data which give the 
solubility of an oil at various concentrations of 
the same soap solution. A general theory of the 
loci of emulsion polymerization had been de- 
veloped by Harkins in 1942, and he requested the 
Rubber Director’s Office to arrange that Pro- 
fessor W. B. Reynolds of the University of 
Cincinnati cooperate in obtaining evidence bear- 
ing on the theory. On account of the importance 
in this theory of the thin monomer layers in 
micelles, work on solubilization was begun by 
Stearns and Jura at Chicago on February 1, 1943, 
and similar work was begun at Cincinnati at 
about the same time.® The topics of the investi- 
gation as it proceeded were outlined in numerous 
conferences between Reynolds and Harkins, and 
it was decided that the former should study 
particularly the effect of salts in increasing the 
solubility of oils in soap solutions and poly- 
merization in solutions of short-chain soaps such 
as the caprylate and caprate in the presence of 
electrolytes. The importance of salts in connec- 
tion with solubilization was suggested by an 
experiment of Hartley® who discovered that 
sodium chloride increases the solubility of trans- 
azobenzene in solutions of pyridinium salts. The 
very extensive data on the solubilization of 
various oils in both the absence and the presence 
of salts as obtained by Reynolds and collabora- 
tors’ will be published elsewhere. 

At Cincinnati and in the initial work at 
Chicago, the procedure used for the determina- 


*J.W. McBain and M. E. Laing McBain, J. Am. Chem. 
Soc. 58, 2610 (1936); J. W. McBain and J. J. O’Connor, 
ibid. 62, 2855 (1940) ; J. W. McBain and R. C. Merrill, Ind. 
Eng. Chem. 34, 915 (1942); J. W. McBain and K. E. 
Johnson, J. Am. Chem. Soc. 66, 9 (1944); J. W. McBain 
and P. H. Richards, Ind. Eng. Chem. 38, 642 (1946); J. W. 
McBain and Sister Agnes Ann Green, J. Am. Chem. Soc. 
68, 1731 (1946). 

* The earliest work of Reynolds on styrene and of Jura on 
butadiene was reported in a private communication from 
the University of Chicago, March 19, 1943; and that of 
McBain from Stanford University on both materials on 
March 23, 1943. 

*G. S. Hartley, J. Chem. Soc., London 1938, 1970. 

“W. B. Reynolds, P. J. Canterino, E. W. Cotten, R. E. 
Holland, and J.E. Wicklatz. Many private communications 
(University of Cincinnati, Cincinnati, Ohio, 1943-4). 
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Fic. 1. Exhibits essential constancy in the optical density 
of a 6.89 percent potassium laurate solution with increasing 
amounts of dissolved benzene. The rapid increase of Io/I 
begins where emulsion droplets first appear. The inter- 
section of the two straight lines is considered to give the 
solubility of benzene in the soap solution. 


tion of the sulubility was the very old method of 
observing visually the appearance of turbidity as 
more and more oil is added. However, nione of the 
results obtained by this method are included here, 
since the higher accuracy given by the use of a 
photometer is needed for a more careful con- 
sideration of the relations involved. 

The present paper deals with the solubilization 
of various hydrocarbons in solutions of potassium 
laurate and potassium myristate and the effect of 
salts and of mixtures of soaps on solubilization. 
This effect has long been a matter of discussion, 
and in spite of the extensive work done on these 
subjects the problem is still far from its solution. 
However, it has been found in this laboratory 
that soap solutions contain aggregates each of 
which, designated as a micelle, contains soap 
molecules, varying in number but of the general 
order of 100. It also seems to be established that 
soap solutions exhibit a critical concentration 
below which no micelles exist. 

In a recent paper® Harkins, Mattoon, and 
Corrin have discussed the structure of soap 
micelles as indicated by x-rays and the theory of 
molecular orientation. The x-ray work discussed 
in this paper, taken together with more recent 
work, indicates that each micelle consists of a 
double layer of soap molecules with their hydro- 
carbon chains oriented towards each other and 
with their polar ends toward the water. The effect 


8 W. D. Harkins, R. W. Mattoon, and M. L. Corrin, J. 
Am. Chem. Soc. 68, 220 (1946). 
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Fic. 2. Solubility of 2-nitrodiphenylamine in dilute 
potassium laurate solutions. The solubility remains con- 
stant until the critical concentration is passed after which 
there is a sharp increase due to solubilization in soap 
micelles. 


of solubilized oil on the x-ray diffraction bands® 
seems to indicate that the oil is solubilized in the 
hydrocarbon interior of the micelle, presumably 
between the hydrocarbon ends of the soap 
micelles. The critical concentrations of the soaps 
considered here have been determined accurately 
by Corrin'® as 0.393 for potassium caprylate, 
0.100 for potassium caprate, 0.023 for potassium 
laurate, and 0.0059 for potassium myristate, as 
expressed in moles per liter. 


II. METHOD OF DETERMINING SOLUBILIZATION 


The extent of solubilization of the hydrocarbons 
was found by use of a turbidimetric method, in 
which a photometer was used to determine the 
turbidity. It was assumed as a criterion of 
solubility that as the saturation point is ex- 
ceeded, the excess oil is emulsified and the 
solutions therefore become turbid. 

To determine the solubility of a hydrocarbon 
in a soap solution at one given concentration the 
following procedure was adopted. The soap solu- 
tion was weighed into a glass ampule, a weighed 
amount of oil was added, and the ampule was 


°W. D. Harkins, R. W. Mattoon, M. L. Corrin, J. 
Colloid Sci. 1, 105 (1946); R. W. Mattoon, R. S. Stearns, 
W. D. Harkins, J. Chem. Physics, 15, 209 (1947). 

1M. L. Corrin, W. D. Harkins, and S. H. Herzfeld 
(private communication). 
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sealed. At a constant soap concentration a series 
of ampules was prepared, each successive ampule 
containing an increasing amount of oil. The 
samples were shaken vigorously for at least 
forty-eight hours in order to attain equilibrium. 
At the end of this time the turbidity of the 
solutions was measured by the use of a photome- 
ter. For those samples in which the amount of 
added oil was below the saturation value the 
turbidity was equal to that of the original soap 
solution. As soon as an excess of oil was present, 
the solutions exhibited a rapid increase of 
turbidity, caused by the appearance of emulsion 
droplets, with increase in the amount of oil. 
A plot was made of the turbidity against the 
amount of oil added, and the sharp break in the 
curve was considered as the saturation point. 
Figure 1 shows the type of curve obtained upon 
addition of benzene to a 6.89 percent solution of 
potassium laurate. 

The turbidimetric method as described here 
works well if there is a large difference between 
the refractive index of the oil and that of the soap 
solution. It becomes less and less sensitive as the 
refractive index of the oil approaches that of the 


TaBLE I. Solubilization in potassium laurate. 








Percent K-laurate 
_Grams soap ) 
100 g solution 


Grams oil 
100 g soap solution 


Moles K-laurate 
1000 g solution 











Benzene 
H,O — 0.185 
0.545 0.0228 0.187 
0.769 0.0322 0.217 
2.02 0.0846 0.472 
3.34 0.1400 0.760 
5.08 0.213 1.170 
6.89 0.289 1.64 
9.65 0.405 2.50 
11.93 0.501 3.27 
15.00 0.629 4.38 
16.64 0.697 5.01 
19.95 0.836 6.41 
Ethylbenzene 
2.11 0.088 0.212 
5.16 0.216 0.710 
9.70 0.406 1.67 
14.85 0.624 2.97 
20.65 0.869 4.68 
n-Heptane 
2.11 0.088 0.068 
5.02 0.211 0.255 
9.55 0.400 0.67 
15.00 0.630 1.30 
19.25 0.810 1.88 
24.25 1.020 2.57 
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soap solution. When the refractive index of the 
oil equals that of the soap solution, the solution 
no longer appears cloudy when excess oil is 
present, since there is no light scattering by the 
emulsion drops present. For some of the higher 


TABLE II. Solubilization in potassium myristate. 








Percent K-myristate 
Grams soap 
Grams 8 _ 199 ) 
(i00 g solution x 


Moles K-myristate 
1000 g solution 


Grams oil : 
100 g soap solution 








n-Heptane 
H.O — 
0.506 0.019 
1.043 0.0392 
2.03 0.0763 
3.025 0.114 
5.04 0.189 
7.47 0.280 
8.69 0.326 
10.00 0.376 
14.9 0.560 
20.15 0.757 


0.007 
0.039 
0.058 


Benzene 
H:O — 
0.50 0.0189 
1.01 0.0379 
2.01 0.0755 
3.05 0.115 
4.02 0.151 
5.03 0.189 
7.27 0.273 
10.05 0.378 
15.03 0.566 


Ethylbenzene 
0.097 
0.188 
0.282 
0.376 
0.470 
0.563 
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n-Propylbenzene 
0.038 
0.188 
0.381 
0.567 


Iso-propylbenzene 
0.0385 
0.113 
0.187 
0.280 
0.373 
0.563 


n-Decanol 


0.037 
0.075 
0.131 
0.197 
0.370 
0.556 
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hydrocarbons the emulsions formed are not at all 
stable, and in these cases also this method is of 
little value, since the turbidity changes during 
the period in which the measurements are being 
made. 

For the solubilization measurements made 
with solid colored compounds the procedure was 
to shake the soap solution with an excess of the 
solid until equilibrium was reached, and then to 
measure the amount of solubilization by meas- 
uring the depth of color of the solution by 
standard spectrophotometric methods. The solu- 
bilization measurements were made at room 
temperature, 25+3°C. This variation of tem- 
perature introduced no appreciable error into the 
solubilization determinations. 


III. SOLUBILITY BELOW THE CRITICAL 
CONCENTRATION 


It has been assumed that below the critical 
concentration micelles do not exist. If solu- 
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Fic. 3. Solubilization of n-heptane, benzene, and 
ethylbenzene in aqueous solutions of potassium laurate and 
potassium myristate. The magnitude of the solubilization 
is much greater in the 14 carbon atom than in the 12 carbon 
atom soap. 
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Fic. 4. Chord plots from the data of Fig. 3 illustrate the 
increment in the number of moles of solubilized oil per unit 
increment in the number of moles of soap as a function of 
soap concentration. 





SIMON, AND HARKINS 
bilization is the result of incorporation in or 
adsorption on the micelle, then in the absence of 
micelles there should be no solubilization. 

The solubility of 2-nitrodiphenylamine, a 
yellow solid compound, was determined in dilute 
solutions of potassium laurate. It was found that 
within the limits of accuracy of our measure- 
ments the solubility remained constant until the 
concentration of soap reached 2.26X10~ mole 
per liter, after which there was a sharp increase in 
the solubility (Fig. 2). It may be noted that the 
dye method of Corrin and Harkins gave 2.3 X 10™, 
and from this excellent agreement it seems that 
there is no solubilization, above the solubility 
in water, below the critical concentration for 
those soaps which exhibit a sharp break at this 
point. 
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Fic. 5. Weight of dye (1-0-tolylazo-6-naphthol) solubilized as a function of soap conce 
the data of McBain and Johnson [J. Am. Chem. Soc. 66, 9 (1944) ]. The intercepts of the str: 
should give the critical micelle concentrations of the soaps which are the potassium salts of the normal long chain acids. 

is 0.4 molar. The other critical 


The critical concentration given for potassium octoate is 0.6, whereas the correct value i 
up as a function of soap 


concentrations are more accurate. McBain and Johnson plotted moles of dye per mole of. so: [ 
concentration, which obscured the linear relation, the value of the critical concentration, and the other relations show" 
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SOLUBILIZATION 


IV. SOLUBILIZATION IN SOLUTIONS OF POTAS- 
SIUM LAURATE AND POTASSIUM MYRIS- 
TATE AS A FUNCTION OF THE 
SOAP CONCENTRATION 


The extent of solubilization of benzene, ethyl- 
benzene, and n-heptane was determined in solu- 
tions of potassium laurate (Table 1), and that of 
benzene, ethylbenzene, n-heptane, n-propylben- 
zene, isopropylbenzene, and n-decanol in solu- 
tions of potassium myristate (Table II). In 
Fig. 3 the extent of solubilization at equilibrium, 
expressed as grams of oil per 100 grams of solu- 
tion, for benzene, ethylbenzene, and n-heptane in 
solutions of potassium laurate and potassium 
myristate is plotted as a function of the soap 
concentration expressed as moles of soap per 1000 
grams of solution. The curves of Fig. 3 show 
that the solubility is not a linear function of soap 
concentration and that the solubility of a given 
oil is greater in the myristate than in the laurate. 
These data are of the greatest value when 
employed to find the variation in the number of 
moles of oil solubilized per mole of soap. 

However, a false impression may be obtained 
from the ratio of the total number of moles of oil 
to soap present. In order to find correctly the 
variation in the moles of oil solubilized per moles 
of soap, i.e., the solubilizing power of the soap, 
the derivative of the curves in Fig. 3 should be 
found. This may be done by the chord-area 
method as illustrated in Fig. 4 for benzene in 
potassium laurate, and heptane and benzene in 
potassium myristate. This method of plotting the 
data shows clearly that the solubilizing power of 
the soap solution per unit amount of soap in- 
creases as the soap concentration increases. 

An exception appears in the results of Kolthoff" 
and in the earlier much more extensive results of 
McBain and collaborators.5 These show (Fig. 5) 
that “insoluble” dyes exhibit, in the range in- 
vestigated by them, a linear increase in the 
amount solubilized with increase of soap concen- 
tration. That this is true was not shown by 
McBain and collaborators, since their method of 
plotting obscured this relation. They plotted 
molar ratios, and this has a deceptive effect, as 
considered in the paragraphs which follow. In 
order to determine whether the linear relation is 


"I. M. Kolthoff and W. F. Johnson, J. Phys. Chem. 50, 
440 (1946). 
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Fic. 6. Solubilization of 2,4-dinitrodiphenylamine in 
aqueous solutions of potassium laurate. The upper line 
shows the increase due to 0.2 normal salt. 


valid for “insoluble’”’ substances, the writers in- 
vestigated the solubilization of 2,4-dinitrodi- 
phenylamine in solutions of potassium laurate 
(Fig. 6). The linear relation exhibited here and in 
the work of McBain seems to be in disagreement, 
with that of Fig. 2 for 2-nitro-diphenylamine, 
which is highly non-linear just above the critical 
concentration (2.34 10- molar) of the soap. 
However, there is no real disagreement, since 
the amine exhibits a solubility of 1.7210-5 
molar in water, whereas the dye used by McBain 
is very much less soluble. When plotted in the 
simple way chosen by us, McBain’s data show 
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Fic. 7. In curve A the solubility data for benzene 
solubilized in potassium laurate are plotted as the moles of 
oil per mole of soap. This curve illustrates the incorrect way 
of plotting solubility data used by some authors and 
leading to incorrect conclusions. In curve B the solubility 
of benzene in water has been subtracted from the total 
solubility. 
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Fic. 8. Effect of molar volume on the solubilization 
of hydrocarbons in a 15.0 percent solution of potassium 
laurate at 25°C. Obviously the relations would be different 
if vapors of the liquids were solubilized at constant pressure. 


that the constant rate of increase of solubilization 
with soap concentration: 


1. Decreases rapidly with decrease in the number of 
carbon atoms in the soap molecule; 

2. Decreases rapidly with increase of critical concentra- 
tion, extremely rapidly as the number of carbon 
atoms decreases from 14 to 12 to 10, and very 
much more slowly in the further decrease to 8. 


The general relations found by the writers are 


TABLE III. The effect of molar volume on solubilization. 

















Volume of 
Solu- oil in 
- pie bility, micelles 
Molar ___Gramsoil _ jl in per 100 g 
Oil volume 100g soap solution water soap solution 
15% K-Laurate (0.630M) 
n-Hexane 131.5 1.60 0.014 2.44 
n-Heptane 147.8 1.31 0.005 1.93 
n-Octane 163.1 1.30 0.002 1.85 
n-Decane 196.1 0.89 -- 1.22 
Benzene 88.5 4.38 0.186 4.82 
Toluene 107.0 3.93 0.050 4.50 
Ethylbenzene 123.0 2.95 0.015 3.40 
n-Propylbenzene 140.5 2.54 0.010 2.95 
n-Butylbenzene 157.0 2.03 0.005 2.37 
15% K-Myristate (0.564M) 

Benzene 88.5 6.70 0.186 7.46 
Toluene 107.0 6.00 0.050 6.90 
Ethylbenzene 123.0 5.10 0.015 5.90 
n-Propylbenzene 140.5 4.30 0.010 5.00 
(Iso-propylbenzene) (140.4) (5.10) (0.017) (5.92) 
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the same, with the exception that the straight 
lines are changed to curves when organic sub- 
stances much more soluble in water are used. 

In Fig. 7, Curve A,” the solubility data for 
benzene in potassium laurate are plotted as moles 
of oil solubilized per mole of soap against the soap 
concentration. It will be noted that this curve 
exhibits a minimum. This minimum is a mathe- 
matical necessity, since the curve must go to 
infinity at zero soap concentration, and its posi- 
tion and depth depend upon the solubility of the 
oil in water. The solubility of benzene in water is 
rather large (0.186 grams per 100 g water). If it is 
assumed that the solubility of the benzene in 
water is not affected by the amount of soap 
present and if this is subtracted from the total, 
the ‘‘solubilization in the micelles” thus obtained 
exhibits no minimum. If the ratio of this value to 
the total number of moles of soap is plotted, 
Curve B, Fig. 7, is obtained. Both curves (A and 
B) coincide at higher soap concentrations when 
the total solubility is so large that the solubility 
in water is no longer an important part of the 
whole. 

There is one more deceptive feature in plotting 
solubilization as the ratio of total moles of oil to 
total moles of soap. It has been shown that below 
the critical concentration there is no solubiliza- 
tion, and the amount of soap present in the form 
of micelles, supposedly responsible for solubiliza- 
tion above the critical concentration, is pre- 
sumably zero. The chord-area method of finding 
the solubilizing power eliminates the ambiguity 
resulting from the mole ratio method of describing 
solubility data. 

A theory of the increase in the solubilizing 
power of the soap solutions with concentration 
and the increase in solubilization at constant 
concentration with increase in the chain length 
of the soap will be discussed in a later paper. 


12 W. Heller and H. B. Klevens in a letter on solubiliza- 
tion, J. Chem. Phys. 14, 567 (1946), state that the mint- 
mum in this type of curve gives the critical concentration of 
the soap, “providing thereby a new method for determining 
Cer from solubilization measurements.”” However the mint 
mum for Curve A is at 0.14 molar potassium laurate, 
whereas the value of the critical concentration of this soap 
as given by Corrin and Harkins and cited by them is 0.025 
molar. Thus the minimum does not give the critical 
concentration. However, it approaches the critical concet- 
tration as the solubility of the solubilized substance 
decreases. However, a direct plot of solubility gives te 
critical concentration in a much better way. 
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V. EFFECT OF MOLAR VOLUME AND POLARITY 
OF AN OIL ON ITS SOLUBILIZATION 


The solubilization was determined for com- 
pounds in the series benzene, toluene, ethyl- 
benzene, »-propylbenzene, and butylbenzene; 
also for n-hexane, n-heptane, m-octane, and 
n-decane in 15.00 percent potassium laurate 
solutions and, in addition, for benzene, toluene, 
ethylbenzene, n-propylbenzene, and iso-propyl- 
benzene in 15.00 percent potassium myristate 
solutions. In Table II] the solubilization data and 
the molar volumes are tabulated. A plot of these 
data (Fig. 8) shows that the solubility in the 
micelles is to a first approximation an inverse 
function of the molar volume for a homologous 
series. Undoubtedly, the polarity and shape of 
the molecule, as well as its volume, determine the 
extent of solubilization in the micelles. The effect 
of polarity is well illustrated by comparing 
the solubility of 2-decanol and n-decane. The 
former is soluble to the extent of 3.31 cc per 100 
grams of 10 percent potassium myristate solu- 
tion, and the latter only to 1.05 cc. That the 
solubility is to a first approximation inversely 
proportional to the molar volume is what is to be 
expected if solubilization is the incorporation of 
the oil in the micelles. The effect of a double bond 
on solubilization is illustrated by comparing the 
solubility of ethylbenzene and styrene (Fig. 9). 


VI. DENSITY OF POTASSIUM LAURATE SOLUTIONS 
CONTAINING SOLUBILIZED ETHYLBENZENE 


In an endeavor to obtain knowledge which may 
be of use in determining the mechanism of 
solubilization of hydrocarbons by soap solutions, 
the density of a series of soap solutions with in- 
creasing amounts of solubilized ethylbenzene was 
determined.!2 

The solutions of 15.0 percent potassium laurate 
which contained solubilized ethylbenzene were 
made up on a weight basis. The samples were 
shaken for forty-eight hours at room temperature 
to insure complete solubilization. The densities of 
the original soap solution and the soap solutions 
plus solubilized ethylbenzene were determined at 
a temperature of 25+0.005°C in a pycnometer of 
about 25 cm* capacity having a capillary neck 


* The density relations and apparent specific volumes of 
n-heptane and triptane are given by W. D. Harkins, R. W. 
Mattoon, and M. L. Corrin, J. Colloid Sci. 1, 110 (1946). 
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TABLE IV. Density of 15.000% potassium laurate solutions 
containing solubilized ethylbenzene. 











Grams ethylbenzene 
100 g soap solution 


0.0000 
0.6755 
1.0448 
1.5119 
2.3269 
2.8615 


Density 
25 +.01°C 








1.01062 
1.00949 
1.00885 
1.00802 
1.00676 
1.00578 








2 mm in diameter. The height of the liquid in the 
capillary was read to +0.01 mm by means of a 
cathetometer. 

The pycnometer was calibrated with boiled 
redistilled water. All weighings were made to 
+0.005 mg with calibrated weights and the 
corrected weights reduced to vacuo. The variation 
in the volume of the pycnometer was about 0.007 
cm*® per 1 mm on the neck of the capillary. A 
precision of one part in 10° was obtained in the 
density measurements. The concentrations of 
ethylbenzene and the densities of the solutions 
are given in Table IV, and the data are plotted in 
Fig. 10. The experimental points are best repre- 
sented by a straight line, the ‘‘least square” 
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Fic. 9. Increase in solubilization of an oil by a double bond. 
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equation for which is: 
p= 1.0106128 — 1.68124495 x 10-°C, 


where p is the density of the solution and C is the 
concentration of ethylbenzene expressed as 
grams per 100 grams soap solution. 

From the above equation the apparent volumes 
and apparent densities of the solubilized ethyl- 
benzene have been calculated from the formula: 


g=(Vr—vs/C) 


where g is the apparent specific volume of 
solubilized ethylbenzene, Vr =1/p is the specific 
volume of the soap solution plus the solubilized 
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Fic. 11. Apparent density of ethylbenzene solubilized in a 
15.000 percent potassium laurate solution. 


benzene, vs is the specific volume of the soap 
solution, and C is the concentration of ethyl- 
benzene expressed as grams per 100 grams soap 
solution. The data are tabulated in Table V and 
plotted in Fig. 11. 

The solubility of ethylbenzene in 15.000 per- 
cent potassium laurate solution is 3.00 grams 
oil/100 grams soap solution as determined by 
turbidity measurements. The bulk density of 
ethylbenzene was determined by us to be 0.86205 
g/cm? at 25.00°C. From Fig. 11 it will be noted 
that at saturation the apparent density of the 
solubilized ethylbenzene equals the bulk density 
within experimental error. 

The significance of the decrease in the apparent 
density of the solubilized ethylbenzene as satura- 


TABLE V. Apparent volumes and densities of ethylbenzene 
solubilized in 15.000% potassium laurate solutions. 


————— 








Grams ethylbenzene 
100 g soap solution Apparent volume 





Apparent density 


<<< 





0.500 1.15507 cm3/g 0.8657 g/cm* 
1.000 1.15603 0.8650 
1.500 1.15700 0.8643 
2.000 1.15796 0.8636 
2.500 1.15893 0.8629 
3.000 1.15990 0.8621 
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tion is approached is difficult to interpret, even 
when the assumptions inherent in all calculations 


TABLE VI. Solubilization of ethylbenzene in 
soap+salt solutions. 








Moles salt 
1000 g water 


Grams ethylbenzene 
100 g soap solution 


A. 10% K-laurate+ KCI 
(0.42 ni KCi2) 
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B. 2.6% K-myristate+ KCl 
(0.1 m KCy) 

0.00 
0.0187 
0.0396 
0.0810 
0.1465 
0.2445 1.08 
0.347 1.18 
0.638 1.42 
1.503 1.79 
2.00 1.87 


0.570 
0.656 
0.723 
0.840 
0.930 


C. 2.6% K-myristate+ NaCl 

(0.1 m KC44) 
0.570 
0.610 
0.706 
0.776 
0.812 
0.909 
1.005 


0.000 
0.00557 
0.0204 
0.0319 
0.0479 
0.0705 
0.0989 


D. 2.6% K-myristate+ K2SO, 
(0.1 m KCis) 
0.57 
0.81 
0.96 
1.19 
1.35 


0.0000 
0.0577 
0.1622 
0.3645 
0.5735 


E. 2.6% K-myristate+K, Fe(CN).5-3H2O0 

(0.1 m KCy) 
0.57 
0.70 
0.94 
1.08 
1.10 
1.10 


0.0000 
0.02875 
0.1030 
0.2028 
0.2868 
0.4988 


*, 2.6% K-myristate+ kK;PO, 
(0.1 m KC x4) 
0.4783 1.12 


G. 2.6% K-myristate+ 1.383 molal salt 
(0.1 m KCy4) 
0.57 


1.43 
1.76 
1.37 
1.31 
1.52 
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Fic. 12. Effect of added salt on the solubilization of 2- 
nitrodiphenylamine in a 0.598 percent solution of potassium 
laurate. 


of apparent values of the density are taken into 
account. 


VIl. THE EFFECT OF SALTS ON SOLUBILIZATION 


The addition of salts, such as potassium 
chloride, to soap solutions greatly increases their 
solubilizing power. The effect of potassium 
chloride on the solubilizing power of a dilute 
potassium laurate solution was investigated by 
the use of 2-nitro-diphenylamine. At a constant 
soap concentration of 0.59 percent potassium 
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Fic. 13. In this figure A is the increase between the 
critical concentration and the total soap concentration. At 
a constant soap concentration when increasing amounts of 
salts are added, the value of A is increased, since the 
critical concentration is lowered. The solubility of 2- 
nitrodiphenylamine is expressed in moles solubilized in the 
micelles per 1000 g solution. The open circles (O) represent 
the solubilization in potassium laurate with increasing soap 
concentration. The circles with lines (@) represent the 
solubilization in a 0.598 percent potassium laurate solution 
containing increasing amounts of salts. 
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Fic. 14. Increase in the solubilization of ethylbenzene 
in a 10 percent solution of potassium laurate when KCl is 
added. 


laurate, a concentration very slightly above the 
critical concentration, the solubility of 2-nitro- 
diphenylamine was determined as a function of 
the amount of potassium chloride present. The 
very large increase of solubility caused by the 
added salt, particularly at such a low soap 
concentration as that used here, is well illustrated 
by Fig. 12 as well as in Fig. 6. 

The lowering of the critical concentration of 
potassium laurate in the presence of added salts 
was determined.” It is very interesting to com- 
bine the data on the lowering of the critical 
concentration with the data on the increase in 
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Fic. 15. Effect of various salts on the solubilization of 
ethylbenzene in a 2.6 percent (0.1 m) potassium myristate 
solution. 


13M. L. Corrin and W. D. Harkins, J. Am. Chem. Soc. 
69, 683 (1947). 


TABLE VII. Solubilization of ethylbenzene in 0.1 
molal solutions. 








Grams oil 
100 g soap solution 





Mole fraction 
K-myristate 





A. Of K-laurate and K-myristate 


0.000 0.23 
0.260 0.31 
0.500 0.38 
0.733 0.48 
1.00 0.57 
B. Of K-caprylate and K-myristate 
0.000 0.025 
0.101 0.10 
0.246 0.22 
0.500 0.39 
0.740 0.48 
1.000 0.57 











solubilizing power of potassium laurate in the 
presence of potassium chloride. The assumptions 
are made that no “‘solubilization’”’ takes place 
below the critical concentration, that above the 
critical concentration there is always an amount 
of “free” molecular soap present, the concentra- 
tion of which is given by the critical concen- 
tration, and that the amount of solubilization in 
the micelles is the total amount of material 
solubilized minus the solubility in water. At 
constant soap concentration the addition of in- 
creasing amounts of salt lowers the critical 
concentration, thus increasing the amount of 
micellar soap. This difference between the total 
soap concentration and the critical concentration 
is designated as A. In Fig. 13 are plotted values of 
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Fic. 16. Effect of mixtures of soaps on the solubilization 
of. ethylbenzene. 
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SOLUBILIZATION 


the solubility of 2-nitrodiphenylamine in the 
micelles as a function of A, both for solutions of 
increasing concentrations of potassium laurate 
and for solutions of a constant soap concentration 
but increasing salt concentrations. Within the 
accuracy of the experiments it is seen that the 
solubilization is determined by the amount of 
micellar soap at the low soap concentration 
employed. Since there is a pronounced curvature 
in the plot presented in Fig. 13 the amount of 
solubilization must be a function of the state of 
aggregation of the micelles as well as the amount 
of material in the micellar form. 

At higher soap concentrations the effect of 
added salts on solubilization is not as large as 
that observed near the critical point. The effect 
of potassium chloride on the solubilization of 
ethylbenzene in 10.00 percent potassium laurate 
solutions and the effect of a number of salts on 
the solubilization of ethylbenzene in 2.60 percent 
solution of potassium myristate were investi- 
gated. The solubilization data are presented in 
Table VI and plotted in Figs. 14 and 15. At these 
higher soap concentrations the increase in solu- 
bility in the presence of added salts cannot be 
accounted for by the decrease in critical concen- 
tration with the resulting increase in micellar 
soap. The addition of sodium chloride to a 
potassium soap changes the nature of the soap, 
and therefore it is difficult to correlate the effect 
of this salt with that of potassium salts. 

While the change in the critical concentration 
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has been shown to be dependent only on the total 
equivalents of the cation in the case of anionic 
soaps, the data given here show that the change 
of solubility on addition of salts is dependent on 
both the nature of the cation and anion. Thus, 
KCI is more effective in increasing solubilization 
than is K2SO,, which in turn is more effective 
than K,Fe(CN).-3H2O. That this effect is in 
some way connected with the size of the anion is 
shown by the fact that in the series of salts, KCI, 
KBr, and KI, the KCI has the greatest effect and 
KI the least effect in increasing solubilization. 
Unfortunately, KF and KSCN do not fall in the 
proper order as seen from the data in Table VI. 
These results are similar to those reported by 
McBain.* 


VIII. SOLUBILIZATION IN MIXTURES OF SOAPS 


Data for solubilization of ethylbenzene in 
mixtures of potassium laurate and potassium 
myristate and in mixtures of potassium caprylate 
and potassium myristate are given in Table VI] 
and represented by Fig. 16. It is interesting to 
note that in mixtures of potassium laurate and 
myristate the solubility is a linear function of the 
mole fraction of soap present. For mixtures of 
potassium caprylate and myristate this linear 
relation no longer holds, which is presumably 
because of the fact that the critical point of the 
potassium caprylate is high, and this results in 
its action as a salt in its effect on the potassium 
myristate. 
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The Magnetic Susceptibilities of the Vapors of Benzene and Carbon Tetrachloride 
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An apparatus has been constructed for measuring at elevated temperatures and at inde- 


pendently controlled pressures the magnetic susceptibility of vapors of substances which are 
normally in the liquid or solid state. Besides greatly increasing the range of substances for 
which such measurements can be made, the measurement at elevated temperatures is believed 
to permit considerably greater accuracy than has been attained previously in the susceptibility 
measurements on vapors. Determinations of the susceptibilities of the vapors of benzene and 
carbon tetrachloride have been carried out at 110°C. The extreme limits of uncertainty in the 
results are estimated to be 3 percent. The values found for the mass susceptibilities of the 


INTRODUCTION 


i’ VESTIGATIONS of the magnetic suscepti- 
bility of vapors and gases have been con- 
cerned mainly with substances which are gases 
at ordinary temperatures. The first and most 
extensive measurements of magnetic suscepti- 
bilities of substances which are liquids at ordi- 
nary temperature were made by Vaidyanathan." 
Using a Curie balance-type of apparatus, 
Vaidyanathan investigated the vapors of twelve 
organic compounds whose boiling points range 
from 30° to 100°C. Nine of these substances were 
reinvestigated by the Faraday test-body method. 
The values obtained by the two methods differed 
by an average of about 9 percent. For most of 
the substances investigated the measured values 
of the susceptibilities of the vapors differed from 
the best values for the liquids by no more than 
the estimated experimental error. For benzene 
and carbon disulfide, however, the differences 
were about 35 percent and were considered to be 
too large to be accounted for by experimental 
error. 

Sivaramakrishman* measured the suscepti- 
bility of benzene vapor by the Faraday method 
and obtained a value intermediate between the 
two values of Vaidyanathan. Rao and Varada- 
chari* pointed out that both Vaidyanathan and 


* Now with the Navy Bureau of Ships, Washington, 
D.C. 

** This investigation was carried out in the laboratories 
of Columbia University. 

1V. I. Vaidyanathan, Phys. Rev. 30, 512 (1927). 

2V. I. Vaidyanathan, Ind. J. Phys. 2, 1935 (1928). 

3G. Sivaramakrishman, J. Annamalai Univ. 3, 48 (1934). 

4S. R. Rao and P. S. Varadachari, Nature 134, 812 
(1934). 


vapors are in very close agreement with values which have been obtained for the liquids. 
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Sivaramakrishman had assumed the validity of 
Boyle’s law for the vapors. Using corrected vapor 
densities they found much better agreement 
between vapor and liquid benzene, but stated 
that for carbon disulphide the susceptibility of 
the vapor was still 30 percent greater than for 
the liquid. 

Yanus and Shur®® investigated the vapors of 
benzene and carbon disulfide by a method 
that does not involve the use of a test body. 
They concluded that the susceptibilities of the 
vapors of both substances are practically the 
same as those of the liquids. A like result was 
obtained for bromine vapor.’ 

Except for Yanus and Shur’s investigation of 
bromine vapor, which was carried out at 60°C, 
all the measurements of the magnetic suscepti- 
bilities of vapors of substances which are nor- 
mally liquids have been carried out at room 
temperature. Because of the low vapor densities 
at room temperature and of the difficulty of 
accurately determining the density, and because 
of the difficulty of avoiding errors caused by 
surface adsorption on the test body, it is doubtful 
that the accuracy and reliability of these meas- 
urements are comparable with those of the most 
accurate measurements on gases. 

The apparatus used in this investigation was 
designed to make measurements of the suscepti- 
bility of substances expected to be paramagnetic 
in the vapor state, and of substances which are 


5R. I. Yanus and J. Shur, Nature 134, 101 (1934). 

6 J. Shur, Physik. Zeits. Sowjetunion 11, 194 (1937). 

7]. Shur and R. I. Yanus, Physik. Zeits. Sowjetunion 7, 
501 (1935). 
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MAGNETIC SUSCEPTIBILITY OF BENZENE 


known to be highly associated in the liquid state. 
Most of these substances have a relatively high 
boiling point. Both to increase the range of 
substances which could be tested and to obtain 
the highest accuracy, it was considered essential 
to have an apparatus with which measurements 
could be carried out over a considerable range of 
temperatures and at independently controlled 
pressures. 

Because of the war it was necessary to discon- 
tinue the experiments after making measure- 
ments on benzene and carbon tetrachloride. 
These substances were chosen for the initial 
measurements because they were considered 
most suitable for the thorough testing of the 
apparatus. Because the results are believed to 
be more accurate than any previously reported 
for vapors, it was felt that they should be 
published. 


APPARATUS AND EXPERIMENTAL PROCEDURE 


The magnetic measurements were made by 
the Faraday test-body method. This consists of 
the comparison of the torques produced by a 


non-homogeneous magnetic field on a test body 
when suspended in the gas or vapor to be meas- 
ured, and when suspended in a gas of known 
susceptibility. In the present investigation the 
method of obtaining the homogeneous field and 
the design of the test body were patterned 
largely on those of Rao and Sivaramakrishman.*® 
Figure 1 shows the apparatus used. 

The non-homogeneous field is produced by the 
arrangement shown in Fig. 1(b). The pole pieces 
tapered from a height of 10 cm and a width of 
6cm, to a height of 8 cm and a width of 4 cm. 
The air gap was 5 cm in width. Vertical cy- 
lindrical iron bars having a diameter of 2 cm 
were placed symmetrically at the sides to increase 
the inhomogeneity of the field. This arrangement 
produced a field which was symmetrical about 
two vertical planes, one parallel and the other 
perpendicular to the direction of the field at the 
center of the gap. When the magnet was ener- 
gized the field strength at the center of the gap 
Was approximately 3000 oersteds. 

The test body consisted of four thin glass tubes 


Ainicseesciniemies 


*S. R. Rao and G. Sivaramakrishman, Proc. Phys. Soc. 
London 46, 318 (1934). 
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12 mm in diameter, sealed together at the top as 
shown in Fig. 1(b). Two of the tubes were 8 cm 
long and were located on opposite sides of the 
central axis. They were closed and evacuated. 
Each of the other pair of tubes was of half-length 
and was open at the bottom. This design, which 
differs essentially from that of Rao and Sivara- 
makrishman only in that the latter used full- 
length open tubes, was intended to minimize 
errors resulting from surface adsorption. For, 
when oriented in the field as shown in the figure, 
the surface area exposed to the vapor at a given 
field strength and at corresponding distances 
from the symmetric planes was approximately 
the same for the open as for the closed tubes, 
the former having a double surface. The weight 
of the test body was approximately 8 grams. 

In order to obtain an approximate magnetic 
balance when the test body was suspended in a 
vacuum, a small glass ball was placed below 
each of the open tubes. They were held in 
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position by small glass rods attached to a central 
stem. 

The test body was suspended from rod (A) of 
Fig. 1(a) by means of a 50 cm phosphor bronze 
wire having a diameter of about 0.03 mm. A null 
method was used for comparing torques on the 
test body. This consisted of balancing the torque 
on the test body by a rotation of the rod (A) by 
means of a worm screw. Angular positions were 
observed by means of mirrors, one at the top of 
rod (A) and the other on the stem of the test 
body. The latter mirror was observed through 
two windows (B) separated by an evacuated 
space. 

The rod (A) was held in position by a bearing 
(C) and a ground joint (D). A continuous pres- 
sure was maintained on the ground seat by 
means of a spring acting on a collar attached to 
the rod. The ground joint was made gas tight 
by a small amount of Wood’s metal above the 
joint. 

A constant temperature was maintained by 
the circulation of a liquid from a thermostatically 
controlled temperature bath through the cham- 
ber (F) which surrounds the tube containing the 
vapor. There was no mechanical connection 
between the apparatus and the outer circulating 
system. The liquid entered at (G) from an over- 
flow of the bath and flowed out at (#2) into a 
pump which returned the liquid to the bath. 
Except for the part between the pole pieces, 
the apparatus was well insulated. 

The highest temperature at which the appa- 
ratus could be operated was limited by the 
available circulating fluids. All the experiments 
here reported were made at 110°C using ethylene 
glycol as the circulating fluid. However, in 
preliminary experiments, measurements were 
made at temperatures up to 270°C using vege- 
table oil. At high temperatures some instability 
was experienced because of vapor convection 
currents. To minimize these currents a thin 
diaphragm was inserted across the tube immedi- 
ately above the test body. 

The vapor was introduced through the side 
tube (J) which dipped into the liquid reservoir 
(J). A non-uniformly wound heating coil sur- 
rounding the tube produced a temperature gradi- 
ent along the tube, the highest temperature 
occurring at the top. Vapor was introduced into 
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the system by slowly admitting gas into an 
outer glass system connected to the reservoir, 
thus forcing the liquid up the tube until the 
desired vapor pressure was attained. The vapor 
pressure characteristic of the temperature of the 
top of the liquid column was equal to the outer 
gas pressure less the hydrostatic pressure of the 
liquid column. Thus the vapor pressure could be 
easily controlled and its value could be accu- 
rately determined. This method of controlling 
vapor pressures is essentially that of Zahn.° 

COs. was used as the comparison gas. Its 
susceptibility is relatively large and is probably 
as accurately known as that of any other 
diamagnetic gas. Before admitting the gas into 
the apparatus it was passed through a tube 
containing heated copper shavings to remove any 
traces of oxygen and through a tube containing 
anhydrone to remove water vapor. 

Experiment showed that the torque produced 
on the test body when in a magnetic field was 
proportional to the pressure. So, to obtain a 
calibration measurements were made at only 
two pressures. A lower pressure of 2 cm of 
mercury was used, as it was found that at 
pressures below } cm of mercury there was 
appreciable drift in the neutral position, possibly 
caused by thermal effects. 

A reading was made as follows: With no 
current in the magnet coil, the rod (A) was 
rotated until the test body had the desired 
position as indicated by the mirror attached to 
its stem. The magnetic field was then brought 
up to a fixed value and the rotation of rod (A) 
necessary to restore the position of the test body 
was noted. The magnet-coil circuit was then 
opened and another determination of the zero 
point was made. 

This procedure was followed, first with CO: 
at a pressure of about 2 cm, then for the same 
gas at a pressure of about 70 cm, and then 
repeated again at the low pressure of about 2 cm. 
The difference in the rotations necessary (0 
balance the effect of the field at the two pressures 
was thus determined. Successive trials gave 
consistent results. The sensitivity was such that 
a rotation of rod (A) of one degree corresponds 
to a change of volume susceptibility of approx! 
mately 2x 10-"°. 
°C. T. Zahn, Rev. Sci. Inst. 1, 299 (1930). 
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Before introducing the test liquid the appa- 
ratus was evacuated and filled with CO, through 
the tube (L). The tube (/) was then broken off 
and the CO, was permitted to flow slowly from 
(L) out through (M) during the entire time the 
latter was open to the atmosphere. The test 
liquid was introduced into the reservoir (K) 
through (M) and about a third of the liquid was 
boiled off. It was then solidified by surrounding 
the reservoir with a low temperature bath. Tube 
(M) was again resealed. 

With the test substance in a solid state the 
apparatus was evacuated. The low temperature 
bath was then transferred from reservoir (K) 
to reservoir (J) and about one-half the liquid 
was distilled into (J). 

Measurements were then made at low and 
high vapor pressures using the same procedure 
as was outlined for COs above. To obtain a low 
vapor pressure of no more than a few cm of 
mercury the reservoir was surrounded by a cold- 
water bath. 

The benzene and carbon tetrachloride used 
were the best obtainable product of Eimer and 
Amend and were redistilled before using. 


RESULTS 


The measurements with the apparatus gave a 
direct comparison of volume susceptibilities of 
the vapors and of CO». The results can be trans- 
lated into a comparison of the mass suscepti- 
bilities only if the densities are known. At the 
highest pressures used the densities of benzene 
and carbon tetrachloride vapors are expected to 
be several percent greater than the perfect gas 
values. For a better approximation the densities 
were calculated on the basis of Berthelot’s law. 
The results are given in Tables I and II. Five 
separate determinations were made for each 
vapor. 


TABLE I. Mass susceptibility of benzene vapor at 110°C. 








a —x X108 
Higher Boyle's Berthelot’s 
pressure law law 


33.3 0.700 0.690 
67.5 0.706 0.688 
65.0 0.724 0.697 
65.1 0.722 0.695 
65.8 0.730 0.713 

0.716 0.697 


Lower 
Pressure 











TABLE IT. Mass.susceptibility of carbon tetrachloride 
vapor at 110°C. 








Cm Hg —x X108 
Higher Boyle's Berthelot's 
pressure law aw 


59.7 0.441 0.431 
57.4 0.447 0.438 
26.07 0.436 0.432 
66.0 0.437 0.427 
57.0 0.440 0.430 

0.440 0.432 


Lower 
pressure 





mean 








DISCUSSION 


The following unique features of the apparatus 
and method used in this investigation are be- 
lieved to be important for the attainment of the 
highest accuracy and reliability in measurements 
on vapors: 

(a) By carrying out measurements at 110° it 
was possible to use much larger vapor densities 
and at the same time to limit the vapor pressures 
to a smaller fraction of the saturation pressure 
than in previous experiments. The result has 
been to increase the effective sensitivity, to 
limit the amount of adsorbed vapor on the test 
body and to minimize its relative importance, 
and to permit a more accurate estimate of the 
vapor density. 

(b) The design of the test body to give equal 
exposed surface in each of the four quadrants 
further minimized the effect of adsorbed vapors. 

(c) The large air gap and relatively large 
separation between the test body and pole pieces 
made for high stability as evidenced by a negli- 
gible change in the calibration constant over a 
period of several months and by its insensitivity 
to small adjustments in the horizontal position 
of the suspension support. 

(d) Experiment showed that the rather lengthy 
procedure which was used in this investigation 
for making magnetic measurements was essential 
to obtain consistent results. The usual procedure 
of observing the change in torque produced by a 
constant field when vapors or gases are intro- 
duced or when the density is varied was used in 
preliminary tests, but did not give as consistent 
results, probably because of the small shifts in zero 
position which were frequently observed when 
the density was increased or decreased. Similar 
shifts were observed by Vaidyanathan.” 

Aside from accidental errors of measurement, 
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possible sources of error were considered to be 
adsorption of vapor on the test body, uncertainty 
in the density of the vapors, and uncertainty in 
the susceptibility of the comparison CO:. In 
view of the measures taken to minimize the 
effects of adsorbed vapors the error caused by 
this factor is believed to be negligible. This is 
supported by the fact that the results appear to 
be independent of the vapor pressures used. 

To check the accuracy of Berthelot’s law for 
determining the vapor density, data for benzene 
are available from the very careful measurements 
of Ramsay and Steele.!° On p. 513 of the article 
by Ramsay and Steele are summarized the re- 
sults of measurements of PV /mT for two samples 
of benzene, each at temperatures of 99.7° and 
129°C, and at four pressures between 320 and 
680 mm Hg. Here P, V, and T are the observed 
pressure, volume, and temperature, respectively, 
and m is the mass of the sample. Calculation of 
PV/mT by Berthelot’s equation at each of the 
indicated temperatures and pressures gives 
values which differ from the experimental values 
in no case by more than 0.2 percent and in most 
cases by no more than 0.1 percent. Corresponding 
data are not available for carbon tetrachloride, 
but for the saturated vapor the density obtained 
using Berthelot’s law at 110°C is about 1.5 
percent less than the experimental value given 
by Young," while for benzene the calculated 
value is approximately 1 percent too small. Since 
the vapor pressures used in the present experi- 
ment were less than 40 percent of the saturation 
pressure it is considered that the uncertainty in 
the densities is not more than 0.2-0.3 percent. 

The molar susceptibility of CO2 was taken to 
be — 20.8 X 10—-®. This value was given by Stoner,” 








TABLE III. 
—x X106 for CCl —x X106 for CeHs 
Corrected‘ 
Reported Reported for 
Observer values values density 





Vaidyanathan! 0.514+0.030 1.06 +0.064 0.827 


Vaidyanathan? 0.500+0.038 0.948+0.075 0.760 
Yanus and Shur® 0.756+0.038 
Sivaramakrishman? 0.796 0.732 


Reber and Boeker 0.432+0.013 0.697+0.021 








10 W. Ramsay and B. D. Steele, Phil. Mag. 6, 492 (1903). 

"1S. Young, Proc. Roy. Dublin Soc. 12, 374 (1910). 

2E. Stoner, Magnetism and Matter (Methuen and 
Company). 
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who estimated the extreme limits of error to be 
about 2 percent. Subsequently Rao and Sivara- 
makrishman® obtained a value of —20.88+.08 
<10~-* and Sivaramakrishman’ reported a value 
of —20.79x10-*. 

Considering all sources of error the extreme 
limits of uncertainty in the susceptibilities as 
given by the averages of the last columns of 
Tables I and II are considered to be about 
3 percent. 

Table III gives the susceptibilities of the vapors 
of benzene and carbon tetrachloride and the 
approximate limits of error which have been 
reported by various observers. For convenience 
of comparison all reported values have been 
converted into gram-mass susceptibilities. The 
last column gives the values of the susceptibilities 
of benzene obtained by Rao and Vardichari from 
the results of Vaidyanathan and Sivaramakrish- 
man by correcting for deviations from Boyle's 
law. Corrections were not given for carbon tetra- 
chloride. It is observed that all previous values 
of the susceptibility of benzene vapor are larger 
than the value obtained by the writers, though 
Sivaramakrishman’s corrected value is only 5 
percent larger and that of Yanus and Shur is 
only 8 percent larger than the value obtained in 
this investigation. 

The susceptibilities of benzene and carbon 
tetrachoride liquids probably have been studied 
more extensively than those of any other organic 
compounds. Seely" gives for benzene an average 
value of —0.7038 X 10-* obtained from the results 
of ten observers and for -arbon tetrachloride an 
average value of —0.4308X10-* obtained from 
the results of seven observers. On comparing 
these values with those of four of the most 
recent observers'*—'* who studied both liquids 
it is found that the maximum difference is 0.5 
percent for carbon tetrachloride and 0.9 percent 
for benzene. 

The differences between the values of the mass 
susceptibilities of the vapors obtained in the 
present investigation and the average values for 
the liquids given by Seely are less than 1 percent. 

Theoretically any appreciable difference be- 

13S. Seely, Phys. Rev. 49, 812 (1936). 

4S, P. Ranganadham, Ind. J. Phys. 6, 421 (1931). 

18S. R. Rao and G. Sivaramakrishman, Ind. J. Phys. 6, 


509 (1932). 
16 G. F. Boeker, Phys. Rev. 43, 756 (1933). 
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tween the mass susceptibilities of the vapor and 
liquid would appear to require inter-molecular 
forces in the liquid state sufficient to produce a 
substantial alteration of electronic orbits. Cer- 
tainly, for liquids composed of symmetrical 
molecules such as benzene and carbon tetra- 
chloride it would be difficult to account for 
inter-molecular forces of a type to effect im- 
portantly the susceptibility. It is noteworthy 
that neither Oxley!’ nor Cabrera and Fahlen- 
brach'* found any detectible difference in the 
magnetic susceptibilities of benzene in the crys- 
talline and liquid states, though small differences 
were found for other organic substances. Cabrera 


17 A. E. Oxley, Phil. Trans. 214A, 109 (1914). 
'8B. Cabrera and H. Fahlenbrach, Zeits. f. Physik 85, 
568 (1933); 89, 682 (1934). 


and Fahlenbrach found that in general the 
change in susceptibility in passing from the 
crystalline to the liquid state was smaller the 
smaller the electric dipole moment of the mole- 
cules. Further evidence that inter-molecular 
forces do not have much effect on the suscepti- 
bility of non-polar liquids is given by measure- 
ments on non-polar liquid mixtures’—'® which 
have shown that the additivity principle of 
susceptibility holds to within 0.5 percent. The 
results of the present investigation are consistent 
with the hypotheses that for benzene and carbon 
tetrachloride there is negligible difference be- 
tween the mass susceptibilities in the vapor and 
liquid states. 

The authors are deeply indebted to Columbia 
University for the use of its facilities. 
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Statistical Mechanics of Binary Mixtures 


A. R. MILLER 
Cavendish Laboratory, University of Cambridge, Cambridge, England 


The possibility of specifying both the enumeration of the 
complexions of an assembly and the evaluation of its 
configurational energy in terms of the numbers of closest 
neighbor pairs of sites of various kinds, without introducing 
parameters explicitly to specify the occupation of indi- 
vidual sites, is considered. The formula obtained on such 
a basis by Alfrey and Mark is examined. Their work 
depends on an assumption which at first sight appears 
plausible. Furthermore, if this assumption could be justi- 
fied, it would imply that the quasi-chemical equation, 
which has been introduced in the theory of regular assem- 
blies as an ad hoc assumption, could be derived from the 
Boltzmann equilibrium law and the elementary formulas 


1. INTRODUCTION 
HE basic problem in the determination of 
the equilibrium properties of an assembly of 
interacting particles is the evaluation of the 
appropriate combinatory factor which is neces- 
sary in order to set up the partition function for 
the assembly. Much work has been devoted to 
this question. A detailed discussion of it can be 
dispensed with here as reviews"? have appeared 


eee 


nese C. Nix and W. Shockley, Rev. Mod. Phys. 10, 1 
s 


*G. H. Wannier, Rev. Mod. Phys. 17, 50 (1945). 


of algebraic combinations. If a pair of closest neighbor 
sites of which one is occupied by a molecule of species 7 
and the other by a molecule of species 7 is called an i—j 
pair, then it is shown that the assumption made by Alfrey 
and Mark is equivalent to neglecting the restrictions on 
the free allocation (amongst the $zN pairs available in all) 
of pairs of different kinds which are inherent in the inter- 
connections of an assembly of interacting particles. It is 
concluded, therefore, that the assumption in question is 
unjustified and leads to an incorrect result, and that 
consequently the quasi-chemical equation is correctly 
introduced as an ad hoc assumption. 


elsewhere. We consider a simple binary mixture 
containing N; molecules of a species 7 and N; 
molecules of a species 7 on an array of N 
(=N;i+N;) sites formed by the points of a 
regular lattice. It is assumed further that the 
molecules of each species are of about the same 
size and roughly spherical in shape, and that the 
interaction energy of the assembly can be ex- 
pressed as the sum of closest neighbor con- 
tributions. If X;;, Xi;, and X;;, respectively, are 
the numbers of i—i, i—j, and j—j closest 
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neighbor pairs, then the interaction energy is 
given by 
E=XiVist X jg Vig AX iV; 


where Vii, Vi;, and V;;, respectively, are the 
interaction energies of a pair of particles of the 
kind denoted by the suffixes. With suitable choice 
of the energy zero this can be written as 


E=X iwi; (1) 


where w;; is the energy of mixing. The partition 
function can then be written as 

Z=D 8(Ni, Nj, Xis) exp(—X iwij/RT)bN'O;%i (2) 

Xij 

where 0;, 6; are terms which include factors to 
take account of the partition functions corre- 
sponding to the internal degrees of freedom of the 
molecules and of their effective free volumes. In 
this expression g(N;, N;, X;;) is the number of 
distinct configurations of the given numbers of 
molecules of each kind in which there are X;; 
closest neighbor pairs of the kind i—j. Certain 
simple relations exist between the various 
parameters N and X; we have, in fact, made use 
of these relations in obtaining an expression for 
the energy which depends only on X;,;. These 
relations are 


2X i t+Xij=2Ni, (3) 
2X 3 +X i5=2N;j. (4) 


These relations also imply that of the five quan- 
tities which have been introduced to specify the 
system, only three of them are independent. It 
therefore follows that the partition function 
could be written in terms of X;:;, Xi;, and X;; 
equally well as in terms of N;, N;, and X;;. It 
was pointed out by Alfrey and Mark® that the 
difficulty of evaluating the combinatory factor 
lies in the fact that ordinarily different variables 
are used for enumerating the complexions of the 
assembly and for determining its configurational 
energy. Whereas the distinguishable configura- 
tions of the assembly are specified by the 
occupation of individual lattice sites, the con- 
figurational energy arises from closest neighbor 
(or more distant) interactions and has to be 
determined by the specification of closest 


* T. Alfrey and H. Mark, J. Chem. Phys. 10, 303 (1942). 


neighbor (or more distant) pairs of sites. It 
therefore follows that if a means could be found 
by which both the evaluation of the con- 
figurational energy and the enumeration of the 
complexions of the assembly could be carried out 
in terms of one and the same kind of variable 
(that is, by the specification either of pairs of 
sites or of the occupation of individual sites, but 
not both) one could hope greatly to simplify this 
task. It is clear that the configurational energy 
can be expressed only in terms of the specification 
of pairs of sites; can, then, the distinguishable 
complexions of the assembly also be expressed in 
terms of these variables? This was attempted by 
Alfrey and Mark? with the help of an assump- 
tion, which is described in Section 2 below (Eq. 
(7)), concerning the occurrence of closest 
neighbor pairs of different kinds. The purpose 
of the present note is to discuss this assumption 
and the reasons that the specification of pairs of 
sites fails to provide an alternative method, far 
less a simpler one, than those already proposed *~* 
for evaluating the combinatory factors appro- 
priate in the study of cooperative phenomena and 
of mixtures which contain polymer molecules. 


2. STATISTICAL FORMULAS 


We first examine the procedure adopted by 
Alfrey and Mark. They consider a set of N/2 
numbered pairs of closest neighbor lattice sites 
which are chosen in such a way that each site of 
the lattice belongs to one and to only one pair. 
If among the selected set of N/2 closest neighbor 
pairs there are X i—j pairs, then the number of 
4—i and j—j pairs are 3(N;—X) and 3(N;—X), 
respectively. The number of configurations is 
then calculated by considering (i) the number 
of ways of arranging X indistinguishable ele- 
ments of one kind, 4(N;—X) indistinguishable 
elements of a second type, and 3(N;—X) indis- 
tinguishable elements of a third type among the 
$N available places, and (ii) by allowing for the 
fact that each 1—j pair can be arranged in two 
distinct ways within its reference position. On 
this basis, they give, for the combinatory factor, 


4T. S. Chang, Proc. Camb. Phil. Soc. 35, 265 (1939). 
5A. R. Miller, Proc. Camb. Phil. Soc. 39, 54 (1943). 

6 P. J. Flory, J. Chem. Phys. 10, 51 (1942). 

7M. L. Huggins, J. Phys. Chem. 46, 151 (1942). 

8 E. A. Guggenheim, Proc. Roy. Soc. A183, 203 (1944). 
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an expression 


(N/2)!2* 
X'{3(Ni—X)}1{4(Nj—X)}! 





$(X)= 


and, correspondingly, for the partition function 
Z=Dx $(X) exp(—2Xwi;/kT), (6) 


apart from factors allowing for the internal 
motions of the molecules. 

This treatment involves the assumption that 
if in the selected group of 4N closest neighbor 
pairs there are X pairs of the kind 7—j, then in 
the complete assembly the total number of 1—7 
pairs is exactly 2X. This also implies that the 
total numbers of i—i and j —j pairs are 32(N;—X) 
and 32(N;—X), respectively. In fact, in terms 
of our notation, it is assumed that 


2X =X; 
32(N;—X) =X i= 3(2Ni—X ij) . (7) 
22(N;—X) =X j5= 3 (2Ns3— Xi) 


This assumption is essential in the treatment 
given by Alfrey and Mark for two reasons: (i) In 
order that the interaction energy, which we have 
seen is equal to X ;;w,;, can be expressed in terms 
of the parameter X which they introduce, 
namely as zXw,;. This is the specific form in 
which Alfrey and Mark express this assumption 
in Eq. (7) of their paper. (ii) It is also necessary 
because their treatment assumes that the par- 
ticular arrangement of particles on the lattice in 
which there are X;;, Xi;, and Xj; pairs of 1—1, 
i—j, and j—j closest neighbors, respectively, is 
equivalent to, and can be described precisely by, 
the allocation of X, 3(Ni—X), and 3(N;—X), 
respectively, 7—j, 1-7, and j—j, pairs among 
the group of 3N pairs selected in the way 
specified. This is considered further in the dis- 
cussion below (Eqs. (9) and (10)). 

In fact, from a lattice of N sites in which no 
closest neighbors of any site are also closest 
neighbors of one another, a group of 3 closest 
neighbor pairs which are such that every lattice 
point belongs to one and to only one pair can 
be chosen in {(z—1)*~'/z7-?}#" different ways.°® 
While, at first sight, it appears possible that the 
assumption made by Alfrey and Mark might be 


*A. R. Miller, Proc. Camb. Phil. Soc. 38, 108 (1942), 
Eq. (16). 


valid (or nearly so) for a sufficient number of 
these possible selections of the group of pairs to 
enable the method to give a reasonable estimate 
of the combinatory factor, they offer no justi- 
fication of it. Furthermore, it is difficult to see 
how any formal justification of their assumption 
could be constructed. When the problem is 
examined from a somewhat different viewpoint, 
the nature and implications of the assumption 
made by Alfrey and Mark become clearer, and 
it is seen to be far from justified. 


3. DISCUSSION 


It has been noted above that X;;, Xj, and 
X;; can be taken as the three independent 
parameters which are used to specify the assem- 
bly. With this specification, the determination 
of the combinatory factor reduces to the evalu- 
ation of the number of ways in which X;; 
indistinguishable elements of one type, Xj; 
indistinguishable elements of a second type, and 
X;; indistinguishable elements of a third type 
can be distributed among }zN available pairs, 
subject to any restrictions inherent in the inter- 
connections of the assembly. The closing phrase 
indicates where the difficulty lies. A_ little 
reflection shows that if, from the total number of 
available pairs, X ;; are chosen for the i—i closest 
neighbors, then not all the remaining (42N —X;,) 
pairs can be utilized to accommodate a j—j pair, 
for it is inherent in the interconnections of the 
pairs that a large number of those now remaining 
can accommodate only an i—j pair. Further- 
more, the position is not helped by selecting the 
pairs for the 1—j closest neighbor pairs second, 
for unless severe restrictions on our freedom of 
choice of the required number of pairs are 
accepted, we would be left finally with a large 
number of pairs which could not accommodate 
a j—j closest neighbor pair and at the same time 
an insufficient number of possible pairs to 
accommodate all the 7—j closest neighbors. In 
passing it should also be noted that the precise 
specification of these restrictions, if not impos- 
sible, is certainly neither simple nor straight- 
forward. It appears likely that it is in this 
restriction on the free choice of elements to 
accommodate the closest neighbor pairs of dif- 
ferent kinds that the implications of the assump- 
tion made by Alfrey and Mark are to be found. 


































ra eee 


one 





an. 





FS Le Oe ED, ce ee 








neser we 












516 Asm. 








We now proceed to show that this is, in fact, 
the case. 

Stirling’s theorem for the asymptotic behavior 
of a factorial ensures that for large values of r 
and s and a constant @ then 


(r+s)! fa(r+s)}! 
a lox| ~ | = loe| — (8) 
ris! (ar) (as)! 


If the three Eqs. (7) are valid, that is, if the 
assumption made by Alfrey and Mark can be 
justified, it then follows that 


(N/2)! 2 
Oe }1{3(N;-X)} | 
(zN/2)! 
~ Xu! {FGM —Xip | MAGN; Xi}! 





(9) 





The right-hand member of Eq. (9) reduces to 
(2N/2)! 


which is precisely the number of ways of ar- 
ranging X,; elements of one kind, X;; elements 
of a second kind, and X,; elements of a third 
kind among 32N positions without any restriction 
whatsoever. Thus, the assumption made by 
Alfrey and Mark amounts to neglecting the re- 
strictions on the allocation of the closest neighbor 
pairs of different kinds which are inherent in the 
arrangements of two or more species of molecules 
on a regular lattice. It will thus give a value for 
the combinatory factor which is far from the 
correct value, being, in fact, far too large. 

In the case of polymer molecules, each of 
which has to be regarded as occupying several 
sites on the lattice, the restrictions on the dis- 
tribution of the pairs are even more severe. For 
each polymer molecule which consists of 7 units 
or submolecules there are x pairs of closest 
neighbor sites which are occupied by adjacent 
units of the polymer molecule, where!® 


2x = 2(r—q) Ni. (11) 


In this equation g is determined by the fact that 
z2q is the number of closest neighbor pairs of sites 
which are formed by the sites which are occupied 


A. R. Miller, Proc. Camb. Phil. Soc. (1947) (to be 
published) Eq. (6). 
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by a given polymer molecule and the remaining 
sites of the lattice. In this case the various kinds 
of pairs would have to be arranged among the 
32N available positions so that the x “internal 
pairs” corresponding to each polymer molecule 
would be allotted to adjacent closest neighbor 
pairs, since they define a polymer molecule. 
Without further elaboration it is clear that in 
this case one cannot specify the occupation of a 
group of sites by a polymer molecule without 
specifying the occupation of each individual 
lattice site. It therefore follows that the number 
of configurations of the assembly cannot be 
determined by the specification of closest 
neighbor pairs of sites alone. 

A value for g(Ni, N;, X;i;) in the case of a 
binary mixture of simple molecules was given by 
Chang ;° his formula is included in the general 
formula given by Guggenheim." For a binary 
mixture of simple molecules, their result can be 
written, 
rd Ni, N;, X ij) 

{NAN ED 


(NW !)4-1 (Ni — Xa) !} (XG! } (Nj — Xa) } * 
(12) 





where 2X;; is defined as the total number of 1—j 
interactions. If this formula is compared with 
the value given by Alfrey and Mark (Eq. (5)) it 
indicates that their value is too large by a factor 
of the order of 

{NIN,!}e 

_—_—_ (13) 

{ N!}% 


There is one other point to be noted. The most 
probable value of X can be obtained by maxi- 
mizing the general term in the partition function. 
If Stirling’s approximation be used and the 
expression given by Alfrey and Mark for ¢(X) 
(Eq. (5)) be differentiated with respect to X 
and the derivative equated to zero, we get 


X?=(N;—X)(N;—X) exp(—2w,;/kT). (14) 


This equation has the familiar form of the 
equation of quasi-chemical equilibrium. It was 
originally introduced by Guggenheim” as pro- 
viding a more exact approximation than that 


u E. A. Guggenheim, Proc. Roy. Soc. A183, 213 (1944), 
Eqs. (5.5) and (8.1). 
2 E, A. Guggenheim, Proc. Roy. Soc. A148, 304 (1935). 
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which had been used previously in the theory of 
solutions. It is, however, an ad hoc assumption 
based on analogy with the equation of equi- 
librium for.a chemical reaction. It was the fact 
that it could be derived from the formula which 
was given by Alfrey and Mark for ¢(X) which 
originally led me to look more closely into the 
nature of the apparently innocent assumption 
on which their argument is based. For, if it were 
justified, it would have meant that Eq. (14) 
followed simply from the Boltzmann equilibrium 
law and the elementary formulas of algebraic 
combinations. In view of the way in which this 
equation of quasi-chemical equilibrium had been 
introduced in other applications,!* "4 it hardly 
seemed possible that this could be so. The fore- 
going analysis confirms the correctness of this 
scepticism. 

8 E. A. Guggenheim, Proc. Roy. Soc. A169, 134 (1938). 


4 R. H. Fowler and E. A. Guggenheim, Proc. Roy. Soc. 
A174, 189 (1940). 


4. CONCLUSIONS 


It is concluded that the assumption made by 
Alfrey and Mark amounts to neglecting the re- 
strictions on the free allocation of closest neigh- 
bor pairs of different kinds, which are inherent 
in the interconnections of an assembly of inter- 
acting particles of different kinds, and leads to 
an incorrect value for the combinatory factor. 
It also appears that the combinatory factors, 
appropriate both for a cooperative assembly and 
for a mixture containing polymer molecules, 
cannot be determined by the specification of 
pairs of sites alone without specifying the 
occupation of each individual lattice site. It is 
also shown that the quasi-chemical equation, 
which would be implied by Boltzmann’s dis- 
tribution law and the elementary formulae of 
algebraic combinations, if the assumption made 
by Alfrey and Mark could be justified, is cor- 
rectly introduced as an ad hoc assumption. 
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The hydrodynamic theory of detonation is derived in a 
convenient form for practical utility by employing the 
general equation of state pp=nRT+a(T, v)p. Two methods 
of solution of the general equations based on measured 
detonation velocity are discussed. In method (a) the 
detailed form of a(T7,v) is unspecified. It is therefore, in 
principle, at least, a general solution. However, in practice 
one finds that it is impossible due to the experimental 
error in detonation velocities to evaluate the heat capacity 
at constant volume and hence the detonation temperature 
without specifying a particular form of a(7,v). The 
postulate (used only in the calculation of temperature) is 
a=a(v). Method (b) employs the approximation a=a(v) 
throughout. Methods (a) and (b) lead to identical results 


which one will find in view of the comparative nature of 
the two methods, is good evidence (but not conclusive 
proof) for the validity of the above approximation. This is 
supported also by the discovery that the same a vs. v2 curve 
applies to all explosives yet considered. As a matter of 
fact, it has been found that the detonation velocities may 
themselves be computed within experimental error, evi- 
dently for explosives of all types (where sufficient heat 
data are available) by employing the a(v) function evalu- 
ated from a few selected explosives. Several additional 
arguments supporting the above approximation are dis- 
cussed. Data on the detonation properties of several 
explosives are presented and correlated with similar data 
obtained by other investigators. 





INTRODUCTION 


HE hydrodynamic theory of detonation de- 
veloped by Chapman,’ Jouguet,*? Becker,‘ 
Schmidt,® and others has recently been carefully 
scrutinized and extended by various investi- 
gators including Landau and Stanyukovich,® 
Ratner,’ Kistiakowsky and Wilson,* von Neu- 
mann,® Brinkley and Wilson,!° Eyring and col- 
laborators," and others. In the application of the 
hydrodynamic theory of detonation to condensed 
explosives a particular form of the equation of 
state is generally assumed and the parameters are 
evaluated experimentally through the hydro- 
dynamic theory, by introducing measured deto- 
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3E. Jouguet, J. de math. 1, 347 (1905); 2, 1 (1906). 
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nation velocities. Consequently, the theory has 
not yet been demonstrated for condensed ex- 
plosives as directly as might be desired, although 
much convincing indirect evidence is available 
and the general validity of the theory is unques- 
tioned at the present time. The objectives of the 
present study are (1) to derive the theory for 
condensed explosives in a useful form, (2) to 
show how the theory and measured velocities 
may be used to derive an equation of state 
applicable in the study of other detonation and 
high pressure phenomena, and (3) to discuss 
some interesting features of the degived equation 
of state. 


DERIVATION OF EQUATION 


The fundamental equations of the hydro- 
dynamic theory of detonation are 


D=0;((p2—p1)/(v11—92))}, ( 

W=(v1—2)((P2—p1)/(vi—22))*, 
E,— E\=}(p2+p1)(v1—%), (3) 
(p2—P1)/(V1— 02) = — (Op2/d02)s. (4) 


Equation 3 is the Rankine!*-Hugoniot" adiabatic 
(or ‘dynamic adiabatic’’) relation. Equation (4) 


1) 
2) 


2 W. J. M. Rankine, Phil. Trans. 160, 277 (1870). 
13 Hugoniot, J. de math. 3, 477 (1887); J. de l’école 
Polytech. 57, 3 (1887); 58, 1 (1889). 


518 





Ce i ee 


—_ 
=’ oF 


& 


—, 
(a) 


in 
eq 


Di 
int 








ugh 
able 
ues- 
the 
for 
) to 
ities 
state 
and 
cuss 
ition 


EQUATION OF STATE 


is equivalent to the Chapman-Jouguet postulate 
D=W-+C. (5) 


Here D is the detonation velocity; W and C are 
the particle and sound velocities, respectively, in 
the medium (products of detonation) immedi- 
ately behind the wave front; v, p, and T are the 
state variables; E is the total energy and S the 
entropy. The subscript 1 refers to the thermo- 
dynamic quantities in the undetonated explosive, 
and the subscript 2 to the corresponding quanti- 
ties in the medium immediately behind the shock 
front (where the Chapman-Jouguet condition 
applies). 

For a solution of the above equations, the 
following general equation of state is adopted 


pu=nRT+a(T, »)p. (6) 


To derive an expression for (0p2/dv2)s the follow- 
ing thermodynamic equation for an adiabatic 
equilibrium process is used : 


—C,0T s = ((0E/dv)r+p) dvs. (7) 


Differentiating Eq. (6), solving for 87s, and 
introducing the result into Eq. (7) gives 


— (0p2/dv2)s = poB/(v2—a), (8) 


” 


where 
B=(nR+C,)/C.—(da/d02) s 
a (dE /dv) mnR/Copro. (9) 


Here C, is the heat capacity at constant volume 
(per kilogram), R is the gas constant, and nm the 
number of molecules of gas per kilogram. The 
subscript 2 is introduced to show that Eqs. (8) 
and (9) apply immediately behind the wave front. 
By employing Eqs. (4), (6), and (8), Eq. (1) 
becomes 
D? =0;"p28/(02— a) =01°(nRT2B)/(v2—a)”. (10) 
Since p21 in condensed explosives, Eqs. (4) 
and (8) give 
B=(v2—«a)/(v1—22). 
Combining Eqs. (1) and (6), the equation 
(v2—a@) (v1 —v2) =v;?(nRT>)/D? 
is obtained. The equation 
a=0;—0;(8+1)(nRT-)'/DB (13) 
may then be derived from Eqs. (10) and (11). 


J 


(11)¥ 


(12) 
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Similar substitutions in Eqs. (2) and (3) give 
W = (nRT;/B)}, (14) 


and 


E,—E,=nRT,/2£. (15) 


The detonation temperature is then given by 


T2=(Q+T7iC,)6/(8C.—4nR), (16) 


where Q is the chemical energy released in 
detonation (the heat of explosion), and C, is the 
average heat capacity at constant volume (v2) 
between 7; and 7}. 


SOLUTION OF EQUATIONS 


Either of two quite different methods of solu- 
tion of the above equations may be used, both of 
which will be discussed since they prove to be 
complementary in providing information on the 
nature of the equation of state. 

(a) The first method is a solution in which the 
detailed form of 8 is not taken into account. 
This solution is made possible by the fortuitous 
cancellation of 2 in obtaining.Eq. (11). The 
Eqs. (11), (12), (13) and (16) may be solved by 
successive approximations employing a measured 
value of D at any given density (p:). A value of 
8 is selected and 7: calculated from Eq. (16). 

In the calculation of T:, the low density value 
of C, has been used as discussed below. This is 
equivalent to the approximation a=a(v) which 
was used in method (a) only in the evaluation 
of T,. This approximation or an equivalent one 
is necessary because of the experimental error in 
measured detonation velocity, making a reliable 
evaluation of C, impossible.) Equation (13) is 
used to evaluate a, and v2 is obtained from (12) 
for these values of a and 8. Equation (11) may 
then be used to check 8. If this value of B does 
not agree with the selected value, the approxi- 
mations are repeated until the successive 6's 
converge to a constant value. It is here tacitly 
assumed that n, Q, and C, are known. Actually 
they must also be evaluated by thermodynamic 
methods and, in view of their dependence on v2, 
T2, and a, they must be re-evaluated in each 
successive approximation unless, as is the case 
in the final approximations, they do not vary 
appreciably. As a matter of fact the approxima- 
tions converge quite rapidly since a obtained 
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from Eq. (13) is quite insensitive to different 
values of 6 and nT>. 

For evaluating the products of detonation a 
modification of the method developed by Brown 
was employed together with heat data taken 
from Bichowski and Rossini,!® and Schmidt.?* In 
this modification the experimental equation of 
state was used in setting up more exact equi- 
librium equations and the final approximations 
employed activity or fugacity rather than 
partial pressures in the thermodynamic equi- 
librium constants. 

In principle C, may be evaluated from the 
equation 

1 


C,=0,*+ f (aE /av) pdv 
T2- Ti a) 


1 
=C,*+ 
T2- Ti 


f (p2?/nR)(da/dT),dv, (17) 


where C,* is the low density average (constant 
volume) heat capacity between 72 and 7,. It will 
be seen that (da/dT),., if not effectively zero, is 
exceedingly small relative to p2. Because of the 
enormously high pressures occurring in detona- 
tion, however, it is quite impossible to evaluate 
reliably the last term of Eq. (17) directly from 
the hydrodynamic theory of detonation since the 
detonation velocity (although known to within 
about 3 percent) and the necessary heat data are 
not known accurately enough for this purpose. 

In application of method (a) it will be assumed, 
therefore, that C,=C,*. Several more or less 
indirect evidences justifying this assumption are 
discussed in this report. One argument is the 
following: 

Hirschfelder and Roseveare!’ showed that for 
gases at sufficiently high temperature the internal 
energy is a linear function of density (p). At low 
density (0E/dp)r= —a(T), where a(T) is the van 
der Waals constant (which decreases with in- 
creasing temperature). It will be assumed in view 
of the high detonation temperatures that the 

“F, W. Brown, “Theoretical Calculations for Ex- 
plosives,” U. S. Bur. of Mines Technical Paper No. 132. 

16 F, R. Bichowski and F. D. Rossini, Thermochemistry of 
Chemical Substances (Reinhold Publishing Company, New 
York, 1936). 

16 A. Schmidt, Zeits. f. das gesamte Schiess u. Sprengstoff- 
wesen 29, 259 (1934). 


17]. O. Hirschfelder and W. E. Roseveare, J. Phys. 
Chem. 43, 15 (1939). 
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linear variation of E with p holds over the entire 
range from low density to v2. Thus this approxi- 
mation gives 


v2 
J (0E/dv) rdv ~a(T)/v2<8 kg cal./kg 


for the products of detonation of PETN at a 
density of 2.0 kg/L. On the other hand, 


C.(T2— T;) =C,*(T2- T) 
v2 
+f (0E/dv) rdv ~ 1200-1700 kg cal./kg. 


Hence, according to this method C,=C,* within 
0.5 percent at v2=0.5 L./kg. (Likewise, for use in 
the alternate method of solution, it may be 
shown according to this method for evaluating 
(0E/dv)r that the neglect of the last term in 
Eq. (9) will incur an error of less than 0.1 percent 
in 8.) Hirschfelder and Roseveare showed that 
the linear variation of E with p is valid at least up 
to 3000 atmos. even at much lower than detona- 
tion temperatures. The extension of this linear 
law to detonation pressures (~ 200,000 atmos.) 
involves, of course, a large extrapolation in p>. 
However, further evidence for the approximate 
validity of the extrapolation will be found in the 
correlation of the results obtained by method 
(a) described above, with those obtained from 
method (b). 

(b) This method involves the use of D(p:) 
data, and the separate evaluation of each term of 
Eq. (9) for 6, the last term in (9) being neglected 
following the reasoning already given. As a first 
approximation a may be evaluated from Eq. (13) 
over a range of densities by taking 8B = (C,+nR)/C, 
or by simply assuming values of 8. A plot of a 
against v2 is then constructed and the slope taken 
at various points along the curve giving a series of 
values of (da/dv2)s. The values of 8 obtained by 
including the term from the first approximation 
are introduced back into Eq. (13) to obtain 
better values of a, the quantity nT» also being 
corrected according to its dependence on 8, 22, 
and a. This process is repeated until all parame- 
ters converge to constant values. As in method 
(a) this series of approximations also converges 
rapidly. 

In evaluating 6 by means of the slope of the 





EQUATION OF STATE 


a, v curve it was tacitly assumed that the entropy 
S: is constant along the curve. At any density 
(p1), @S2/dve=0 according to the Chapman- 
Jouguet postulate. In the approximation a=a(v2), 
therefore, the change in S, along the curve should 
be zero. There is, of course, a sharp increase in the 
entropy across the shock front, i.e., S,—S,>0. 
Scorah,'* however, concluded that the increase in 
entropy (S2:—5Si) is a minimum and_ that 
(S:—5S,)/A is a maximum, where A is the avail- 
able energy fed into the wave front. The variation 
of S; along the a, v curve may be evaluated at 
various densities within the accuracy of the 
equation of state employed by the equation 


S.=S.°+C, InTs/Ts-+mR f dv/(v-a), (18) 


where S,° is the entropy of the products of 
detonation in their standard state 7, v0, po. 
Actually Eq. (18) shows that there is a small 
change in S, along the a, v curve amounting to 
about 0.1 E.U./gram for a change in density 
(p1) from 0.7 to 1.6 kg/L., the total entropy S» 
being ~1.5 to 2.0 E.U./gram. Since 8 can be 
determined only to within about 5 percent (from 
measured velocities accurate to within 2 to 3 


PETN 
RDX 
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TABLE I. Constants of Eq. (19) for explosives shown in 


Fig. 1 
C / ~) 
M 
kg/1.0, 

3500 
3570 
3500 
3350 
3500 
3500 

560 

890 








D,.0 
5620 
5900 
4800 
5500 
5060 
4800 
5100 (p;=4.0) 
5050 (po: =4.0) 


PETN 

RDX 

TNT 

Tetryl 

Picric acid 
Ammonium picrate 
Lead azide 
Mercury fulminate 








percent) it is evident that the slope of the a, v 
curve gives (da/dv2)s with sufficient accuracy in 
the a(v) approximation. 

Figure 1 presents the a, v2 relations obtained 
by both methods (a) and (b). The data for the 
eight explosive compounds calculated by method 
(a) are best represented by the dotted curve. The 
solid curve was obtained entirely independently 
by method (b) for the same and 4 number of 
additional explosives, method (b) having preceded 
method (a) in the development of the theory. 
The deviations in v2 and @ from either the dotted 
or solid curve are about the same order of 
magnitude (<3 percent) as the experimental 


error involved in the measured detonation 
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TABLE II. Equation of state relations from Fig. 1. 











p2(kg/1.0) v2(1.0/kg) a(1.0/kg) (da/dv2)s 
0.8 1.25 0.75 0.30 
1.0 1.0 0.68 0.39 
1.2 0.837 0.62 0.47 
1.4 0.714 0.56 0.53 
1.6 0.625 0.51 0.59 
1.8 0.555 0.47 0.65 
2.0 0.50 0.43 0.69 
2.2 0.455 0.39 0.73 








velocities (assuming accurate heat data). The 
experimental velocity data used in these calcula- 
tions are given by the following equation, the 
constants of which are given in Table I. 


D=D,.9+M(pi-—1.0), (19) 


where D,,o is the velocity (m/sec.) at a density of 
1.0 kg/L. and M is the slope of the D(p,) curve in 
m/sec. /kg/L. 


CORRELATIONS 


Not only do methods (a) and (b) give the same 
results within the limits of reproducibility of the 
data, but of even greater significance is the fact 
that all the explosives follow the same a vs. v2 
curve. This appears to be ample evidence that the 
last term in Eq. (9) is negligible. It is not, how- 
ever, sufficient evidence that C,2C,* (this ap- 
proximation was made in both methods), although 
the validity of this assumption is strongly sup- 
ported by the generality of the a(v) function. In 
other words, RDX and PETN have detonation 
temperatures about 40 percent higher than am- 
monium picrate, picric acid, and TNT, showing 
that the dependence of a(7,v) on temperature 
must be exceedingly small. The fact that values 
of a for a given ve for the latter explosives are 
consistently slightly higher than those of RDX 
and PETN at low density cannot be regarded as 
significant, since more recent velocity data indi- 
cate that in these cases values of D,.o and M 
given in Table I are slightly in error in the direc- 
tion giving low values of a. 

The equation of state employed by Kistia- 
kowsky and Wilson® based on Bridgman’s equa- 
tion of state is very convenient for studying the 
magnitude of (0E/dv)r. In the equation 


pu=nRT(i+xe"). (20) 
Kistiakowsky and Wilson took x=K/Tv. For 
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the present purposes, however, the form 


x=KT*/v (21) 


_ will be employed where K and ¢ are constants, 


the latter of which will now be investigated. 


Equations (20) and (21) and the appropriate 


thermodynamic equation give 


(0E/dv) 7 =nRTxe*(1+<x)c/v, (22) 


f (0E/dv) rdv = —nRTxe*c. (23) 


x 


Comparing Eqs. (6) and (20), it is seen that 
xe*=a/(v—a) and from Fig. 1 at ve=0.5 L./kg, 
(0E/dv) 7 ~2.1pec. Thus the last term in Eq. (9) 
amounts to about 0.37c. Since methods (a) and 
(b) in which the last term in Eq. (9) is neglected 
give values of 8 agreeing within 5 percent (the 
dotted curve actually differs by less than 3 
percent from the solid one), |c| cannot exceed 
1/15. For c=—1/15, Eq. (23) gives an energy 
amounting to nearly 10 percent of Q+AE. It is 
thus evident that C,<1.1C,*. By comparing 
results obtained by methods (a) and (b) for a 
single explosive, e.g., PETN, using the same 
detonation velocity data, a more accurate com- 
parison may be obtained by eliminating the effect 
of experimental error in D. Studies of this sort in 
fact indicate that the difference in 8B between the 
two methods is less than 3 percent and that, 
therefore, C,<1.06C,* at v2=0.5 L./kg. This 
result differs from that obtained by using 
Kistiakowsky and Wilson’s value c= —4, which 
gives C,~1.90,,*. 

In connection with the approximation a=a(?) 
used in method (b) it is of interest to note that 
Bullen!® recently introduced the hypothesis, 
based on his calculations of the earth’s density 
distribution, that at pressures of the order of one 
million atmospheres the compressibility may be 
largely independent of chemical composition. 
The present investigation provides evidence that 
this may be at least approximately true even at 
much lower pressures, perhaps even as low as 
25,000 atmos. (for temperatures above 2500°C). 

It is interesting to compare the Eq. (6) with 
the following equation developed from statistical 
mechanics by Hirschfelder, Stevenson, and 


19K, Bullen, Nature 157, 405 (1946). 
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EQUATION OF STATE 


Eyring”® 


(p+a/v*)v=nRT[1 +6/v+0.625(6/0)? 
+0.2869(b/v)?+0.1928(b/v)*]. (24) 


At detonation pressures a/v? may be neglected 
relative to p2 and Eqs. (6) and (24) then give 


a=v—v/[1+b/0+0.625(b/v)? 
+0.2869(b/v)?+0.1928(b/v)*]. (25) 


Ifbis taken tobe 0.95 L./kg (a reasonable value), 
Eq. (25) gives values of a(v) agreeing with those 
of Fig. 1 within 5 percent at densities (p2) up to 
1.8 kg/L. Above 1.8 kg/L. it gives values of a 


. somewhat too large. Under the conditions en- 


countered in detonation, Eq. (24) is equivalent to 
that proposed by Hirschfelder and Roseveare!’ 
since the second virial coefficient B’(T) reduces 
approximately to b at high temperatures. 

In reference (20) Happel’s equation of state as 
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derived by Rameshchandra Majumdar,”' namely 


(p+a/v?)v=nRT(1+6/0+5/6(b/v)? 
+0.2869(b/v)?+---), (26) 


was employed in arriving at Eq. (24). Actually 
Eq. (26) employing }=0.95 L./kg is in much 
better agreement with the curve of Fig. 1 than 
Eq. (24). In fact, it gives agreement within 
0.03 L./kg in @ over the entire range shown. 
Even in the range of densities where Eq. (24) 
gives good agreement in a, it does not give good 
agreement in (da/dv). Equation (26) on the other 
hand gives good agreement in both a and (da/dv) 
over the whole range of densities of interest in 
studies of the detonation of condensed explosives. 


CALCULATION OF DETONATION VELOCITY 


Further rather convincing evidence for the 
generality of the curve of Fig. 1 is to be found in 


TABLE III. Detonation properties of various explosives. 








Rr 
4g 


D v2 a 
m/sec. L./kg L./kg B 


n T2 Ww p:X1073 
moles/kg °K m/sec. atmos. 





0.725 
(0.727) 
0.615 
(0.620) 


(5540) 
(6210) 


(7650) (0.477) 


0.452 
(8400) (0.439) 


DAASS ARBADKKHKHSO 
CS 


(5620) 
(7520) 


(0.729) 


— ee et 


(0.478) 


_ 
— 


(4870) 


(7000) 
(7290) 


(0.748) 


(0.476) 
(0.496) 


0.752 
(0.740) 


ARDSS AnaAd’ 


(5440) 
(7720) 
(7600) 


BW 
LS 


(0.486) 


ww 


(0.465) 


Picric acid 


BW 
BW 
LS 


(5190) 
(7680) 
(7100) 


(0.745) 
(0.492) 


ARAASS BAD 


ee es 
Now 


(0.465) 


0.478 0.412 0.48 35.0 


0.546 0.65 35.2 5350 1540 85 


(4130) (1510) (83) 


0.488 0.58 35.0 5500 1660 125 


(3960) (1600) (117) 


(114) 


0.478 0.405 0.49 34.9 5700 1820 225 


(3630) (1800) (218) 


0.387 0.46 34.9 5800 1900 255 


(2000) (275) 


0.723 0.545 0.64 od 5250 1660 95 


(3980) (1520) (84) 


0.469 0.394 0.48 oa 5750 2000 255 


(3570) (1760) (215) 


0.740 0.570 0.65 33. 3700 1250 60 


(3170) (1250) (60) 


0.505 0.447 0.48 ; 4170 1340 150 


(1680) (190) 
3170 (1510) (175) 


0.573 0.71 37. 4200 1340 


(3620) (1420) 


0.485 0.415 0.50 35.; 4700 1670 


3380 1710 


0.473 0.407 0.49 35. 4750 1720 


(1850) 


0.746 0.572 0.68 36.2 3750 1290 


(3180) (1340) 


0.489 0.422 0.49 35.0 4150 1550 


(3080) (1640) 
(4200) 1610 
(1730) 








* Data given in ( ) are those computed by the investigators Brinkley and Wilson®“—BW, Ratner?7—R, and Landau and Stanyukovich*—LS. 


ne Hirschfelder, D. Stevenson, and H. Eyring, J. Chem. Phys. 5, 896 (1937). 
**H. Happel, Ann. d. Physik 4, 21, 242 (1906); R. Majumdar, Bull. Calcutta Math. Soc. 21, 107 (1929). 





524 


the fact that the (large diameter) velocities of 
detonation of explosives of widely different types 
have been calculated with an accuracy com- 
parable to the experimental methods of velocity 
measurements by simply using the a vs. v2 data 
taken from this curve. For example, velocities of 
various liquid and cast explosives have been 
calculated agreeing in all cases within 3 percent 
with measured velocities providing the measured 
detonation velocities were obtained in large 
enough diameter so that the maximum or 
hydrodynamic velocities were obtained. It is of 
interest to note that many explosives require 
charge diameters of the order of 5 in. before the 
maximum (complete reaction) velocity is reached. 
Whether or not the velocity is a maximum can 
usually be decided experimentally from velocity 
vs. charge diameter data at constant p;. Table I] 
lists data taken from the solid curve of Fig. 1 
which may be used in the calculation of velocity. 


PROPERTIES OF EXPLOSIVES 


Table III lists some detonation properties of 
several explosives calculated by method (a) using 
C,=C,* and comparisons with results computed 
by other investigators. It will be observed that in 
general the agreement in compressibilities \v1/v2), 
W and py is fairly good. The sharp differences in 
detonation temperature between BW (Brinkley 
and Wilson) and the present studies are to be 
expected as discussed previously (since BW used 
c=-—} in Eq. (21)). Had BW adjusted the 
parameters of their equation of state to obtain 
better agreement between calculated and meas- 
ured velocities in RDX, TNT, and picric acid the 
agreement between their studies and the present 
would have been even better (except for T>2) 
since p2=piDW ~kp,D*. It is possible that the 
calculations by BW have been improved in later 
studies. The data of LS for PETN at p,=1.6 are 
questionable, since they are inconsistent with the 
relation D/W=2;/(v;—22). 

It is quite evident that the detonation temper- 
ature is really the only detonation property which 
may be used to provide experimental information 
on the accuracy of the various equations of state 


MELVIN A. COOK 


employed in studies of the hydrodynamic theory 
of detonation, all other quantities being relatively 
insensitive to the form of the particular equation 
of state employed. The detonation temperature, 
however, is so sensitive to the form of the 
equation of state that a good method for meas- 
uring it should provide a crucial test of the 
validity of the equation of state. Fox,” employing 
a special spectroscopic technique, measured the 
temperature from the side of the charge and his 
results for a number of military explosives 
correlated well with T;—71=Q/C,*. There is 
evidence from several types of experimental in- 
vestigations that the conditions described as 
“detonation’’ conditions do not extend to the 
periphery of the charge, but that an ‘‘edge effect’’ 
exists. It is thus to be expected that the tempera- 
ture at the edge of the charge adjacent to the 
detonation wave would correspond to the 
“adiabatic” temperature, (73), rather than ‘‘deto- 
nation” temperature, 7». Cotter and Jacobs” 
measured by similar spectroscopic means the 
temperature of liquid nitroglycerin both at the 
side and down the end of the charge and obtained 
temperatures of 4600°K and >5500°K, re- 
spectively. Calculations of the “‘adiabatic’’ and 
“detonation” temperatures by the methods out- 
lined in the present report for nitroglycerin gave 
4780°K for T3; and 5750°K for T2, in good 
agreement with the measured values of Cotter 
and Jacobs. These measurements thus appear to 
provide evidence for the validity of the approxi- 
mation C,2C,* and the neglect of (dE/dv2)r 
relative to p2 in Eq. (9) for 6.% 

The author wishes to acknowledge the helpful 
advice, cooperation, and encouragement of his 
associates within the Explosives Department. 

2 J. G. Fox, Navy Ordnance Report 200-45. 

2 'T. P. Cotter and S. J. Jacobs, OSRD Report 5618. 

*4 Since this article was prepared an interesting article by 
P. Caldirola [J. Chem. Phys. 14, 738 (1946) ] has appeared 
treating by another procedure the subject of this study. 
Caldirola’s method leads to temperatures and pressures 
which in some cases differ rather sharply from the results 
reported here. However, his definition of o (in his Eq. 11) 
seems to be in error by a factor 3. Moreover it may not in 
many cases be correct to neglect dA /dv as he has done. The 
results of the present study do not support the linear 


relations between p and 1/e claimed by Caldirola (his 
Eq. 13) although the discrepancies are not large. 
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The Temperature Dependence of Viscosities of 
Liquids and Activation Energy 


M. S. TELANG 


Laxminarayan Institute of a Nagpur University, 
Nagpur, India 


June 12, 1947 


ARIOUS types of exponential equations for the 

temperature dependence of viscosities of liquids are 

to be found in the literature, and some of the well-known 

equations have been referred to by me in a recent paper.’ 
The equation proposed by Eyring et al.? 


n=Z exp[Eyis/RT], (1) 


in which » =the viscosity, Z =the ‘frequency factor,” and 
Eyis=the ‘activation energy”’ per mole for viscous flow, 
and the theoretical background of it continues to attract 
attention. However, the term Eyis needs some clarification. 
Following the theory of Eyring, the energy required to 
push two molecules apart to provide a suitable site for the 
jump of a moving molecule from one equilibrium position 
to the next is synonymous with the energy needed to 
break a “bond,” and this quantity represents the ‘‘activa- 
tion energy.” Based on this theory, I obtain the following 
equation: 


n=Z exp[y(M/D—d)!-N!/RT] 
=Z exp[f(cos30°)?(¢+5)-N/NRT], (2) 
where the symbols correspond to those employed in 
another paper.’ According to the same paper, 
y(M/D—d)!-N 
Ni 





= N-f(cos30°)?(o+6) 


stands for the energy needed to break N ‘‘bonds” in a 
molal volume of Vc-cs. Substituting for y(M/D—d)! by 
its equivalent 2kNi(T.—T) as given by the Eétvés law, 
we have 


n=Z exp[2k- N(T-—T)/RT]=Z exp[2(Te— 
Taking out logarithms, we have 
Inn = (InZ—2)+(27./T) (4) 


T)/T]}. (3) 


logion = (logioZ — 0.87)+-0.87(7./T). (5) 
Adding In V# to both sides of Eq. (4), we obtain 
Inn: V4= (InZ- V#—2)+(27./T). (6) 
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The close resemblance between (6) and an equation pro- 


posed and tested by Thomas‘ viz., 
Inn: Vi=(c—k’)+k'(T./T) (7) 


can now be clearly seen. Comparison of (6) and (7) gives 
c=InZ- V3 and k’=2. It is of significance to note that the 
values of k’ when expressed in logarithms to the base 10, 
as given by Thomas in his Table II, lie between 0.6 and 
1.1, giving a mean of 0.85, which is in good agreement 
with the value of 0.87 given by Eq. (5). 

Equation (6) leads us to another important conclusion 
that the usual method of estimating the “activation 
energy,” according to the relation Eyis=R{d Inn/d(1/T)] 
from the linear plot of Iny vs. 1/7, is unreliable. According 
to Eq. (4) or (6), such a plot gives the slope as 27, whereas 
it ought to be 


+(M/D—d)i- NA 
R 





=2(T.—T) 


in accordance with Eqs. (2) and (3). It appears that the 
incorporation of a volume term (V?) in the non-exponential 
part of the Eq. (6) or (7) is superfluous, but it need not 
be stated so definitely at this stage without a thorough 
investigation. However, whether the incorporation of V+ 
in the non-exponential term should be made or not, the 
exponential term which stands for the ‘activation energy”’ 
remains unaffected. The identity of Eqs. (6) and (7) 
provides an indirect test of Eq. (2). A detailed examina- 
tion of Eq. (2) is in progress. It may be tentatively stated 
that this equation is in harmony with the basic postulates 
incorporated in my previous paper.’ 

1M. S. Telang, J. Phys. Chem. 50, 384 (1946). 

2H. Eyring, J. Chem. Phys. 4, 283 (1936): S. Glasstone, K. J. 
Laidler, and H. Eyring, The T heory of “a Processes (McGraw-Hill 
at ane: Inc., New York, 1941), p. 4 


. S. Telang, ‘ ‘On the theory and eoplication of the relation 


between surface tension and orthobaric densities," J. Chem. Phys. 
(to be published). 


4L. H. Thomas, J. Chem. Soc. 573 (1946). 





On the Possibility of a Chemical Synthesis 
of Diamond 


D. P. MELLoR 
Department of Chemistry, The University of Sydney, Sydney, Australia 
June 6, 1947 


ECENT attempts to synthesize diamond by trans- 

forming graphite to diamond under thermodynami- 
cally favorable conditions of pressure and temperature 
having so far failed,! it would seem worth while to examine 
the possibilities of a chemical synthesis by a process of 
polymerization. 

It is of interest that the only synthetic material formed 
in many experiments carried out over the last seventy 
years, positively identified as diamond by x-ray diffraction 
tests,2* is that said to have been produced by J. B. Hannay? 
in 1880. Though the evidence supporting Hannay’s claims 
recently adduced by Bannister and Londsdale* is very 
strong, real proof can be achieved only by a successful 
repetition of Hannay’s work. Hannay’s method was to 
heat a mixture of light paraffin, bone oil (mainly pyridine), 
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and lithium in a sealed iron container. Only three of eighty 
cylinders tried withstood the temperature of a red heat. 
These conditions, inadequate to transform graphite to 
diamond, might conceivably have produced diamond 
directly by a process of polymerization. 

Parsons,‘ in his Bakerian lecture to the Royal Society 
of London, states that he tried to repeat Hannay’s work, 
but in the very long list of experiments described at the 
end of his paper he gives very few details about these 
particular experiments. With the improved facilities now 
available it would seem worth while to try to check and 
possibly to extend Hannay’s work. In addition to the light 
paraffins previously used, other substances possessing 
more of the diamond structure such as derivatives of 
methane III,'~* cyclopropane,’ and tricyclo (3.3.1.1)**® 
decane (adamantane) might repay investigation along 
these lines. 

1P, W. Bridgman, J. Chem. Phys. 15, 92 (1947); P. L. Gunther, 
rf Geselle, and W. Rebentisch, Zeits. f. anorg. allgem. Chem. 250, 357 

1943). 

2 J. B. Hannay, Proc. Roy. Soc. (London) 30, 188 (1880). 

. A. Bannister and K. Londsdale, Mineralog. Mag. 26, 309 (1943). 

4C. A. Parsons, Phil. Trans. A220, 67 (1919). 

5 M. Beesley and J. Thorpe, J. Chem. Soc. 117, 602 (1920); see also 
A. M. Patterson and L. Capell, The Ring Index (Reinhold Publishing 
Corporation, New York, 1940), p. 172, Compound 1191. 

®W. Nowacki, Helv. Chim. Acta 28, 1233 (1945); see also A. M. 


Patterson and L. Capell, The Ring Index (Reinhold Publishing Corpo- 
ration, New York, 1940), p. 275, Compound 2034. 





The Nature of the Hydrogen Bond in KHF, 


KENNETH S, PITZER AND EDGAR F. WESTRUM* 
Department of Chemistry, University of California, Berkeley, California 
June 9, 1947 


HE discovery of the residual entropy of ice at low 

temperatures, and its explanation in terms of a 
double minimum potential curve for the proton in the 
O—H-—O hydrogen bond,' raised the question whether 
F—H-—F system also had a double minimum potential 
curve. We had undertaken to answer this question by 
measuring the entropy of KHF: by heat capacity measure- 
ments from low temperatures and from the reaction 
KF(s)+HF(g)=KHF;,(s). This work was interrupted in 
1943 and is only now being completed. However, the heat 
capacity curve for KHF: was finished. In the interval the 
excellent measurements of Ketelaar? on the infra-red 
absorption and reflection spectra of KHF2 have become 
available to us. These more complete spectra make 
untenable the earlier postulate of Buswell, Maycock, and 
Rodebush,? which was followed by Glockler and Evans.‘ 
However, our heat capacities are not consistent with 
Ketelaar’s explanation of his data. We wish to propose the 
following interpretation of all these data. 

Solid KHF: shows absorption and reflection peaks at 
1450 and 1222 cm™ which are so much stronger than all 
others as to virtually assure the correctness of their 
assignment as fundamentals. The HF:~ ion should have 
two infra-red active fundamentals, v3, where the proton 
moves along the F—F line, and v2, where the proton 
moves perpendicularly to the F—F line. The latter is 
degenerate. Also there is the inactive fundamental, », 


THE EDITOR 


which is a symmetrical F—F vibration. Ketelaar felt that 
the two observed peaks were too close together to be the 
two active fundamentals and that v2 would be “much 
lower than 600 cm™.” Hence he assigned the 1450 and 
1222 cm™ peaks to a doubling of v3 because of a double 
minimum potential curve. This is not possible because it 
would lead to a peak in the heat capacity curve near 20°K 
which is definitely not present’ (see Fig. 1). Consequently, 
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Fic. 1. The molal heat capacity of solid KHF>: circles, experimental; 
solid line. T? law for lattice vibrations; dotted curves, Ketelaar’s model, 
lower the contribution from the va doublet above, upper the total 
including lattice vibrations. 


we believe that 1450 and 1222 cm™ peaks represent, 
respectively, the v3; and vz fundamentals. In our opinion 
the more surprising point is not that v2 is so high but that 
v3 is so low. However, this hydrogen bond is considerably 
shorter than those previously studied so that there is no 
evidence against the assignment. 

The HF;~ ion has a center of symmetry both internally 
and with respect to the crystal, hence 2»; is forbidden in 
the infra-red. The peak at 5099 cm™ seems most likely to 
be 3v;. If we assume the peak at 4232 cm™ to be 273+”, 
then 2v; should be approximately 3010 cm~!. These levels 
show a large negative anharmonicity; indeed they ap- 
proach somewhat the levels of an oscillator with a fourth 
power potential as calculated by Bell.* There is no indica- 
tion of any double minimum character with the F—H-—F 
potential. The possibility of a very small potential hill has 
not been eliminated; however it must not be much higher 
than the lowest energy level. 

* Present address: Department of Chemistry, University of Michigan, 
Ann Arbor, Michigan. 

1 W.F. Giauque and M. Ashley, gy new. 43, 81 (1933); L. Pauling, 

Am. Chem. Soc. 57, 2680 (1935); W. F. Giauque and J. W. Stout, 
ibid. 58, 1144 (1936). 

2J. A. A. Ketelaar, Rec. Trav. Chim. 60, 523 (1941). 4 

3A. M. Buswell, R. L. Maycock, and W. H. Rodebush, J. Chem. 
Phys. 8, 362 (1940). 

*G. Glockler and G. E. Evans, J. Chem. Phys. 10, 607 (1942). 

+’ Other supporting arguments can be _— for this conclusion, but 


they will be postponed until our fuil pape 
®R. P. Bell, Proc. Roy. Soc. London A183, 328 (1945), 
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The Pressure Coefficient of Viscosity 


A. BonDI 
Shell Development Company, Emeryville, California 
May 26, 1947 


HE writer showed in a recent paper! that the pressure 
coefficient of viscosity, if expressed in the form 
proposed by Eyring and co-workers,? can be used as a 
measure of the displacement of a molecule from its equi- 
librium position during the flow process. The pressure 
coefficient largely determines, therefore, the magnitude of 
the energy of activation for hole formation.' In order to 
calculate the latter from first principles, it was found that 
only AV; remained to be calculable from physical con- 
stants not derived from viscosity measurement. 
The concept of AV¢ as the size of the hole required for 
a molecule to move into suggests that the amount of 
available volume in the liquid should influence the numer- 
ical value of AV;. One could expect that in a liquid of 
loose packing the hole-size requirement be smaller than in 
a closely packed liquid, and vice versa. A good measure 
of the tightness of packing seems to be the expansion at 
the melting point AV; and the structural type of the 
lattice system. The latter is today quite generally believed 
to be carried over from the solid into the liquid state, at 
least in the neighborhood of the melting point. 
A rough indication of the correctness of this picture 
would be constancy of the volume fraction represented by 
the sun of AV; and AVy, e.g., 


AV;+AV;=V/n, (1) 


where =universal constant, possibly dependent upon 
the lattice type. 

Table I shows that this is indeed the case. For the few 
liquids, of which viscosity-pressure and melting-point 
expansion‘ data are available, m appears to have the values 
3 and 5, at least for the AV; determination closest to the 
melting point. All of the substances for which »=3 show 
rhombic or monoclinic crystal structure in the solid state, 
whereas cubic or hexagonal arrangement seems to be 


TaBLE I, Relationship between viscosity-pressure coefficient AV} and 
the melting-point expansion AVy. 

















AV: t 

Substance cm? (AV; +AVs)/V °C 
Benzene 16.6 32 30 
p-xylene 32 75 
Aniline 21.3 32 30 n~3 
Cyclohexane 26.6 30 75 
Methanolt 7.9 26/8 30 
Carbon tetrachloride 18.4 21 30 
Chlorobenzene 13.2 20 30 
Bromobenzene 13.5 19 30 
Acetonet 11.7 .20 30 n~5 
Ethyl ethert 10.1. 15 30 
Ethyl bromidet 10.7 20 30 
Ethyl iodidet 10.5 17 30 
n-pentane 15.3 31T7 30 
Neopentane 34.4 32tt 30 
n-hexane 17.3 30TT 30 n~3 
Eugenol 34.2 30tt 30 








+t These compounds have melting points which are >100°C below 
the temperature of viscosity measurement. The AV; data may, there- 
fore, not be comparable with those of the other compounds. 

tt AV; values were estimated from rather approximate d7'm/dp data. 
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preferred when »=5. This sequence is in accord with the 
well-known difference in restraint imposed on free rotation 
of molecules in the respective solid lattices. 

The temperature and pressure coefficient of AV; does 
not explain the very complicated temperature and pressure 
dependence of AV. 

These data indicate quite clearly, however, that AV; is 
a function of both the structure of the liquid and the 
spatial configuration of the individual molecule, as had 
been pointed out previously. 

The writer takes this opportunity to thank Professor F. 
London for directing his attention to an error made in the 
numerical calculation of Fig. 1 in reference 1. The lowest 
point at 9=90° is at b=4 and not at b=2. A revised 
drawing will be presented in a forthcoming paper. 

1 A, Bondi, J. Chem. Phys. 14, 592 (1946). 

2A. E. Stearn and H. Eyring, Chem. Rev. 29, 509 (1941). 
FAVy is defined by (@AF +/dp)T =AVy, where AF + =RT In(Vn/Nh) 


is the free energy of activation for viscous flow. 
4D. Rozental, Bull. Soc. Chim. Belg. 15, 585 (1936). 





Method for Extending Study of Metal Ion- 
Cation Exchanger Isotope Fractionation 


MAXWELL LEIGH EIDINOFF 
Department of Chemistry, Queens College, Flushing, New York 
June 2, 1947 


EW experiments dealing with isotope fractionation in 

cation-cation exchanger equilibria have been reported 
since the pioneer work of Taylor and Urey.! The purpose 
of this communication is to indicate procedures by which 
isotope separation data can be obtained for additional 
elements using equipment available in a relatively large 
number of laboratories. 

Small quantities (about 5 to 50 microcuries, depending 
on the specific experiment) of radio-isotopes are added to 
the element in normal abundance and the solutions used 
in cation-exchange column studies. Detection of small 
volume “leading samples”’ is effected by suitably installing 
one or more Geiger-counter tubes near the exit end of the 
column. The concentration of the radio-isotope is propor- 
tional to the measured sample activity per unit weight of 
the element when the measurements are made under 
comparable conditions. 

Of special interest from the standpoint of small atomic 
mass and convenience of measurement are the systems 
Be’—Be® and Be*-Be'®. The systems Na®—Na* and Na®— 
Na* can be used for sodium studies. The fractionation of 
K**-K*! was explered by Taylor and Urey.' Radio-isotope 
K* can be used in column experiments. It is less convenient 
to study the fractionation of the naturally radioactive K*, 
since a relatively large potassium sample is required. In 
the case of calcium, Ca*' and Ca** may be used. The mass 
difference between the latter and the most abundant 
natural isotope Ca*® is an advantage in this work. 

Experiments of this kind should afford a more thorough 
understanding of the mass effect and the isotope separating 
properties of the various types‘of cation exchangers. 
Several exploratory experiments have been started in our 
laboratory. 


1T. I. Taylor and H. C, Urey, J. Chem. Phys. 6, 429 (1938). 





